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E1 Cell Culture

E1.1 Biosafety containment cabinets (Class IIA or IIB) must be used for all cell cultures and for the
handling of viable tissues and/or fluids.

E1.2 Incubators

E1.2.1 Two incubators on separate electrical circuits (if no emergency backup power is available) are
required for all amniotic fluid and chorionic villi cell cultures. These should have separate CO; lines and
filters and should have emergency temperature alarms.

E1.2.2 Incubators must be cleaned regularly, and incubators must be monitored for 1) temperature each
working day, 2) gas weekly, and 3) humidity, as needed. Maximum- minimum control thermometers are
recommended. Appropriate operating ranges for equipment should be established and posted. Protocols
should outline steps to be taken when readings are outside of appropriate ranges.

E2 Records

E2.1 Retention of Case Materials
In addition to the general guideline (C3.6) for duration of retention of case materials, the following are
specific to cytogenetics.

E2.1.1 Slides used for diagnostic tests have a limited lifespan. If stained with a "permanent" banding
method (G-, C- or R-banded, NOR), slides should be kept at least 3 years or in compliance with state
regulations. Retention time of those with fluorochrome stained chromosomes and cytogenomic array
slides should be retained as defined by laboratory policy or procedure.

E2.1.2 Each laboratory should establish a policy to assure that any residual original patient specimens
and/or cell cultures are retained until release of the final report.

E2.1.3 Processed patient specimens and/or cell pellets should be retained until two weeks after the
final report has been signed. Long-term retention time of those with abnormal results is at the discretion
of the laboratory director.

E2.1.4 Images for chromosome analysis and FISH images for non-neoplastic disorders, should be
retained for at least 20 years, while FISH images for neoplastic disorders are to be retained for at least
10 years.

E2.1.5 For chromosomal microarray data, see Section E10 for the retention of files and
documentation.



E3 Procedural Guidelines

E3.1 General Analytical Standards

E3.1.1 Terminology

Chromosome counts are defined as the number of centric chromosomes per metaphase cell. During the
establishment of the modal number for a study, all aneuploid metaphase cells should be characterized for
specific gain/loss.

Analyzed cells are defined as banded metaphase cells in which the individual chromosomes are
evaluated in their entirety, either at the microscope or from intact digitized images or photographic
prints of intact cells.

Karyogrammed cells are defined as the cutout and paired chromosomes from photograph(s) or
computer-generated image(s) from a single cell following the format in An International System for
Human Cytogenomic Nomenclature 2020 (ISCN 2020) [McGowan-Jordan, Hastings and Moore, 2020].

Scored cells refer to cells evaluated for the presence or absence of a specific cytogenetic feature, usually
indicated by either a particular clinical history or by the finding of one or two abnormal cells during the
course of a study. Numbers of cells to be scored in most situations are left to the discretion of the
laboratory director, unless otherwise specified in the guidelines.

Clone is defined as a cell population derived from a single progenitor cell. Clonal origin is inferred by
the presence of at least two cells containing the same extra chromosome(s) or structural chromosome
abnormality or by the presence of at least three cells that have lost the same chromosome [Second
International Workshop on Chromosomes in Leukemia, 1980].

For the purpose of constitutional studies, the use of the terms cell line and clone are interchangeable.

Mosaicism is the presence of two or more cytogenetically distinguishable cell lines.

Pseudomosaicism refers to the presence of an abnormal cell(s) in cultured cells that arise from an in
vitro culture artifact and do/does not represent the true karyotype.

Uniparental disomy is defined as a condition in which both homologous chromosomes are derived
from a single parent.

E3.1.2 Slide number and microscope stage coordinates should be recorded for all metaphases
analyzed or counted. If additional cells are evaluated in questions of mosaicism, slide number should be
recorded for all cells that are scored and slide coordinates should be recorded for all abnormal
metaphases or suspected abnormal metaphases.



E3.1.3 All laboratories must be able to perform studies using G- and/or R-banding, in addition to special
stains and/or FISH, to characterize heteromorphisms or variants, when indicated and at the discretion of
the laboratory director.

E3.1.4 Current ISCN must be used to describe all karyotypes.

E3.1.5 A number of different objective methods have been described for the calculation of band stage of
resolution. One or more objective and reproducible method(s) must be used to assess banding level of
resolution and must be formally described in the laboratory standard operating procedures/protocol
manual. [Kao et al., 1990]. Specific standards for resolution should be appropriate to the case and type
of tissue studied. The 550-band stage should be the goal of all peripheral blood studies. A minimum of
400 bands should be reached for 90% of analyses from amniotic fluid and chorionic villi cells.

E3.1.6 Minimum standards established for the numbers of cells to count and/or analyze and
karyotype during the "routine" component of a cytogenetic study are described in specific subsections
appropriate to a specific tissue type, culture method and/or reason for referral. The numbers of cells to
study in individual situations is dependent on the specific abnormality observed, the tissue being
examined, whether the analysis involves prenatal diagnosis, etc. General recommendations are noted in
the following subsections (see Table 1).

E3.1.6.1 Each laboratory should establish guidelines for procedures (e.g., numbers of cells to score) to
follow for each general type of abnormality (hypodiploidy, hyperdiploidy and structural abnormality) with
the recognition that uniformity among laboratories is not required.

E3.1.6.2 The laboratory’s scoring guidelines should be based on current knowledge of the potential
clinical significance of particular chromosome abnormalities and non-modal cells.

E3.1.6.3 Fewer cells than indicated under analytical standards may be studied in circumstances in which
screening for a specific abnormality is the indication for the study (e.g., checking for a known familial
abnormality) or when an abnormality is detected but no more cells are available (see E3.2).

E3.1.7 Analyses should be performed and/or evaluated by at least two qualified individuals.

E3.2 Abbreviated, Focused or Limited Chromosome Studies

E3.2.1 General Considerations

It is acknowledged that there are specific clinical circumstances for which an abbreviated or limited
cytogenetic study may be appropriate. For example, in the tissue confirmation of an abnormal prenatal
chromosome result or in peripheral blood chromosome studies on extended family members to exclude



an identified chromosome rearrangement, limited analyses may be suitable.

E3.2.2 Analytical Standards

The laboratory should have established written criteria for which focused or abbreviated studies are
permissible. Criteria should specifically address the rationale for such studies, the clinical reason for
referral, the tissue type, and the minimum number of cells counted, analyzed and karyotyped under such
circumstances.

E3.3 Maternal Cell Contamination (MCC): General Considerations

E3.3.1 Amniotic Fluid

E3.3.1.1 The overall frequency of MCC is approximately 0.5% of genetic amniocenteses [Hsu, 1992].
Factors that increase the chance of MCC include the gauge of needle used for the amniocentesis procedure
[Ledbetter, 1993], the length of time in culture and the presence of blood in the sample.

It has also been documented that cultures initiated from the first 1-2 ml of amniotic fluid drawn at
amniocentesis are at an increased risk for maternal cell contamination [Ledbetter, 1993]. It is
recommended that the first few milliliters of fluid be labeled appropriately and kept separate from the
remaining sample to minimize inclusion of maternal cells. The initial aliquot should be used for
cytogenetic analysis only if absolutely necessary.

E3.3.1.2 Chorionic Villi Sampling (CVS)

The risk for MCC in CVS is significantly higher than for amniocentesis samples (1-2%) [Ledbetter et al.,
1992]. A CVS specimen must be viewed under a dissecting microscope to allow for the gross identification
and cleaning of villi from maternal decidua, blood vessels, membrane and other materials. It is
recommended that sterile instruments (e.g., probes, scissors, forceps) be used to tease apart the sample to
isolate the fetal chorionic villi from maternal decidua. It may be helpful to have two laboratory
technologists clean or check the dissected tissue prior to initiating cultures.

E3.3.1.3 Products of Conception (POC)

Due to the manner in which abortus tissue and placenta samples are obtained and handled, there is a
substantial risk of MCC, particularly in early fetal loss specimens. It is recommended that appropriate
measures be taken to specifically identify fetal tissues and to dissect and culture only these tissues, as
described above for prenatal CVS. Consultation with the referring physician may be warranted to
determine the origin of the sample and/or the appropriateness of chromosome studies, particularly in cases
for which the dissection of tissue appears to yield only maternal decidua.

E3.3.2 Analysis of Cultures with Known or Suspected MCC
Cultures with known or suspected MCC based on the condition of the specimen at receipt, or apparent



maternal cells morphologically in culture, require variation in the normal analysis procedure. If XX cells
are found in an otherwise XY study, the most likely explanation is MCC. Since the true fetal cells are
probably represented by the XY complement, the full analysis and cell counts should be performed on
these cells whenever possible. Counting and analyzing several cells with an XX constitution is
recommended for documentation purposes. For prenatal testing, further studies may be warranted to
exclude chimerism. Ultrasound examination to check the gender of the fetus, second amniocentesis or
confirmatory amniocentesis after CVS and/or heteromorphism studies (molecular) between a maternal
sample and the fetal sample may be required in the investigation.

If cell cultures initiated in the cytogenetics laboratory are to be used for molecular or biochemical testing,
any serious concerns about MCC in those cultures must be conveyed to the molecular or biochemical
testing laboratory. In addition, if direct prenatal samples are sent out for testing, it is recommended that
back-up cultures be grown and maintained until the molecular or biochemical testing is complete and
reported.

E3.3.3 MCC Reporting and Quality Assurance

Reporting of MCC is case-dependent and is at the discretion of the laboratory director. Consultation with
the referring physician is recommended, when appropriate. Any significant observation of MCC in a
prenatal diagnosis sample should be interpreted in consultation with the physician who performed the
procedure. For samples with a significant risk for MCC that produce a normal female karyotype, a
disclaimer should be added to the report suggesting that analysis of maternal cells due to MCC cannot be
excluded.

Any time that MCC is suspected or confirmed, the laboratory director must ensure that an attempt to
determine the cause is documented as part of the laboratory's quality assurance program. Additionally, it
is recommended that the ratio of XX:XY cases be monitored as a quality control check for CVS and POC
cases. Monitoring the male cases for evidence of female cells is also important for quality control of MCC.
FISH with probes for X/Y or molecular methods may be used on cell suspensions prior to culturing to
screen for or to estimate the amount of MCC.

E4 Prenatal Diagnosis: General Considerations

Amniotic fluid contains single cells sloughed off of the amnion, fetal skin, lung, bladder, and digestive
tract. A random sample of cells from the amniotic fluid is drawn and plated. These cells form true distinct
colonies. In chorionic villus sampling, villi are usually retrieved from one or two sites and are likely to
not be completely disaggregated.

Prenatal cytogenetic diagnosis can be performed on various tissues, each requiring different methods of
culture and analysis.



A minimum of two cultures should be analyzed on each case whenever possible. FISH analysis for the
chromosome of interest can be done on uncultured amniotic fluid cells in addition to chromosome analysis
of cultured cells. The Benn and Hsu (2004) guidelines of workup should be followed for potential
mosaicism.

If XX and XY cells are observed: Analyze 15 male colonies if available. If a mixture of XX and XY cells
is present, it may be helpful to consult with the referring physician about evidence of a twin pregnancy.

Laboratories should have a protocol stating when to reflex to additional studies, such as increased counts,
and/or FISH, and/or a recommendation for high-resolution ultrasound, uniparental disomy, microarray,
and study of a second tissue. While CVS may appear as colonies, they should be analyzed as any other
disaggregated tissue.

Uniparental disomy testing should be considered if numeric mosaicism or structural abnormality of
chromosomes 6, 7, 11, 14, or 15 is detected because these chromosomes are known to carry imprinted
genes and uniparental disomy is associated with congenital abnormalities [Shaffer et al., 2001].

It is the laboratory director’s responsibility to monitor quality and to ensure that analytical practices are
consistent with the guidelines presented below. (Also see C4)

E4.1 Amniotic Fluid, Chorionic Villi and Percutaneous Umbilical Blood Sampling (PUBS)
E4.1.1 At least two independent cell cultures must be initiated and grown in separate incubators with
independent electric circuits or emergency power systems, backup gas sources and emergency alarms.

E4.1.2 With the exception of PUBS, there must be a plan for maintaining back-up cell culture(s) pending
the need for additional studies.

E4.1.3 If studies of parental chromosomes are necessary to help interpret a fetal chromosome abnormality
or heteromorphism, the same laboratory should perform these studies, if possible and reasonable.

E4.1.4 The number of test failures (defined as failure to obtain final results from an adequate submitted
specimen) should not exceed 1 per 100 consecutive samples (1%).

E4.1.5 Efforts must be made to determine the cause of all test failures. These records and records of
corrective actions taken must be available for external review and kept for at least 2 years.

E4.1.6 With the exception of PUBS, at least 90% of final results must be completed and reported (verbal
or written) within 14 calendar days from receipt of specimen, unless additional studies are necessary.



E4.1.7 Laboratories consistently failing to meet these standards should consider splitting or sending
samples to another laboratory until the problems are resolved.

E4.1.8 Laboratories should have specific requirements for the acceptance and rejection of specimens that
include the volume and quality of the specimen received.

E4.1.9 Where there is suspicion that MCC may be present (see E3.3), the laboratory director may want to
consider analysis of additional cultures, increased colony counts, or molecular genetic analyses (PCR or
QF-PCR) to rule out any confounding diagnosis.

E4.2 Amniotic Fluid

E4.2.1 Amniotic Fluid: Processing Standards

E4.2.1.1 If little or no cell pellet is apparent in the sample, the laboratory should consider the use of a
method (e.g., assays for pH, protein, glucose, etc.) that will help to distinguish amniotic from other fluids.

E4.2.1.2 Notification of inadequate or poor cell culture growth should be made within 10 days of the
amniocentesis procedure.

E4.2.1.3 A laboratory planning to establish amniotic fluid cytogenetic testing must arrange to split and
successfully analyze at least 50 consecutive specimens with a laboratory performing such studies by
established standards.

E4.2.1.4 The laboratory should investigate significantly increased chromosome instability in one or
several concurrent patient samples.

E4.2.1.5 Sample quality and culture failures should be monitored.

E4.2.2 Amniotic Fluid: Analytical Standards (see also E3.1.6)
E4.2.2.1 Analysis of in situ cultures is the preferred method, since it is more reliable for evaluating
mosaicism.

Count: a minimum of 15 cells from at least 15 colonies, distributed as equally as possible between at least
2 or more independently established cultures. Single metaphase colonies should only be used when multi-
metaphase colonies are unavailable. Document any numerical/structural aberrations observed.

Analyze: 5 cells, each from a different colony, preferably from 2 independently established cultures. Band
resolution should be appropriate to the reason for testing.



Karyotype: 2 cells. These cells can be from the 5 analyzed cells. If more than 1 abnormal cell line (as
defined in Section E3.1.1) is found, karyotype at least 1 cell representative of each cell line.

If both abnormal and normal cells are observed in a colony, the colony is generally considered normal if
the same abnormality was NOT seen in other colonies.

E4.2.2.2 Analysis from a combination of mixed in situ and subcultured cells
When it is impossible to complete the analysis by in situ only, subculturing may be necessary.

Count: Count as many colonies as possible and then increase the count to a total of 20 cells.

Analyze: 5 cells, distributed between 2 independently established cultures.

E4.2.2.3 Suspension Harvest Technique

Situations in which suspension harvest technique is appropriate include: suboptimal sample or when the
primary concern is growing cells for other testing methodologies.

Count: a minimum of 20 cells, distributed as equally as possible among independently established
cultures. Document any numerical/structural aberrations observed (see E4.2.2.1 for analysis and
karyogram guidelines).

E4.3 Chorionic Villus Sample (CVS)

E4.3.1 Chorionic Villus Sample (CVS): Processing Standards

In cases of multiple gestations particularly in those of in vitro fertilization, one should be aware that a
deceased co-twin with remaining viable placental material may be the source of a chromosome
abnormality.

Confined placental mosaicism (CPM) is defined as at least two cell lines from a single fertilized egg
seen in chorionic villi analysis that are only present in the placenta, not in the fetus itself. It is observed in
about 1-2% of CVS [Crane and Cheung, 1988]. Laboratories should have protocols to distinguish CPM
from true mosaicism in the fetus. Additional studies may be recommended depending on the chromosome
involved and the type of abnormality. These may include analysis of additional cultures and in some cases
analysis of amniotic fluid cultures or fetal cord blood. In situ culture strategy is appropriate for CVS or
any other tissues that grow in a monolayer, but the analysis protocols may differ from amniotic fluid.

The significance of mosaicism in CVS may differ based on the distribution of the abnormal cells in the
direct and cultured preparations, as well as the chromosomes involved. When mosaicism is documented,
in general, amniocentesis is recommended, since the amniotic fluid cells are more likely to represent the
fetus.



E4.3.1.1 When direct (uncultured) preparations are used clinically, a cell culture technique (defined as
longer than 48 hours) must also be used.

E4.3.1.2 Final written reports should include a summary of the analysis results of the cultured cells and
direct preparation, if performed.

E4.3.1.3 A laboratory planning to establish CVS cytogenetics should already be testing amniotic fluid
cells by established standards and methods. Prior to independent CVS analysis, the laboratory must split
and confirm at least 25 samples (with an adequate volume) with a laboratory already performing CVS
cytogenetics by established standards and methods. Note: During this period, samples that are too small
to split should be sent to a qualified reference laboratory for culturing and analysis.

E4.3.2: Chorionic Villi: Analytical Standards (see also E3.1.6)

E4.3.2.1 Direct (Uncultured) Preparations: should not be exclusively used in obtaining final results.
(See Section E4.3.2.3 below.) Interphase FISH or molecular screening for sex chromosomes and common
aneuploidies should be used to generate alternative preliminary results.

E4.3.2.2 Cultured Preparations

Count: a minimum of 20 cells distributed as equally as possible between at least 2 independently
established cultures. Document any numerical/structural aberrations observed (see E4.2.2 for analysis and
karyogram guidelines).

E4.3.2.3 Combination of Direct Preparation and Culture Technique
Count: a minimum of 20 cells, at least 10 of which come from cultured preparations. Document any
numerical/structural aberrations observed.

Analyze: 5 cells, preferably at least 4 cells from cultured preparations. Resolution should be appropriate
to the reason for testing (see E4.2.2 for karyogram guidelines).

E4.3.2.4 If mosaicism is documented in a CVS sample, cytogenetic studies of amniotic fluid are
recommended.

E4.4 Fetal Blood: Percutaneous Blood Sampling (PUBS)

E4.4.1 Fetal Blood: Processing Standards

E4.4.1.1 Final results of PUBS should not be released until the sample has been confirmed to be fetal in
origin.

E4.4.1.2 A minimum of 2 cultures should be established, if adequate specimen is submitted.

E4.4.1.3 Processing after 48 and 72 hours in culture is recommended.

10



E4.4.1.4 Final reports (verbal or written) should be available within 7 calendar days.

E4.4.2 Fetal Blood: Analytical Standards (see also E3.1.6)
Count: a minimum of 20 cells (see E4.2.2 for analysis and karyogram guidelines).

E4.5 Diagnostic cytogenetic testing following positive noninvasive prenatal screening results [See
Genet Med 2017:19(8):845-850 OR Appendix 1]

ES Peripheral Blood and Solid Tissue Constitutional Chromosome Study

E5.1 Peripheral Blood (Stimulated Lymphocytes): Routine Studies
E5.1.1 Peripheral Blood: Processing Standards
E5.1.1.1 At least 2 cultures should be established for each specimen.

E5.1.1.2 At least 90% of all routine peripheral blood analyses must have final written reports completed
within 28 calendar days (21 calendar days is recommended) from receipt of the specimen. Clinical
indications may dictate more rapid turn-around time. Specialized stains and studies may take longer.

E5.1.1.3 Test failures should not exceed 2% per year.

E5.1.1.4 The 550-band stage should be the goal of all constitutional studies to rule out a structural
abnormality, particularly in cases of intellectual disability, birth defects, dysmorphology, or couples with
recurrent pregnancy loss.

E5.1.2 Peripheral Blood: Analytical Standards (see also E3.1.6)
E5.1.2.1
Count: a minimum of 20 cells, documenting any numerical/structural abnormalities observed.

Analyze: 5 cells. Resolution should be appropriate to the reason for testing.

Karyotype: 2 cells. If more than 1 clone (as defined in Section E3.1.1) is found, karyotype 1 cell
representative of each clone.

E5.1.2.2 Cases being studied for possible sex chromosome abnormalities, in which mosaicism is common,
should include the standard 20-cell assessment. If mosaicism is confirmed, the analysis is complete. A
minimum of 10 additional metaphase cells should be evaluated when one cell with a sex chromosome
loss, gain or rearrangement is observed within the first 20 cells analyzed [Wiktor et al., 2009; Wolff et al.,
2010].
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E5.2 Peripheral Blood (Stimulated Lymphocytes): Focused High Resolution Analysis

Due to the improved detection rate for subtle chromosome deletions and duplications by genomic
microarray analysis, complete high resolution chromosome analysis (resolution at the 850 band level) is
no longer recommended as a standard test methodology.

E5.3 Peripheral Blood (Stimulated Lymphocytes): Complete High Resolution Analysis

E5.3.1 Complete High Resolution: Analytical Standards

E5.3.1.1 General processing and analytical standards for routine peripheral blood studies apply. In
addition, complete high-resolution chromosome analysis should include detailed evaluation of all regions
on all chromosome pairs at a level of resolution above the 650-band stage (resolution at the 850 level is
recommended) [see also E5.1.2].

E5.4 Peripheral Blood (Stimulated Lymphocytes): Heritable Fragile Sites (Including Fragile X)

This section initially provided guidelines for the evaluation of patients for fragile X syndrome using the
cytogenetic expression of the Xq27.3 (FRAXA) fragile site. Such chromosome testing has been replaced
by molecular genetic DNA evaluation of the FMR1 locus, and specific College recommendations have
been published to cover such testing. For the most part, testing/culturing for fragile sites is no longer
performed in the Cytogenetics Laboratory. However, individuals performing chromosome analyses
should be aware of their occurrence (e.g., fra(10)(q25), fra(16)(q22), etc.) and are referred to the Sth
edition of the Gardner and Sutherland’s Chromosome Abnormalities and Genetic Counseling, for further
guidance.

ES5.5 Solid Tissues Constitutional Chromosome Study (Skin, Organs, Products of Conception, etc.)
E5.5.1 Solid Tissues Constitutional: Processing Standards

E5.5.1.1 Tissue biopsy specimens and small specimens should be transported in sterile cell culture
medium with or without serum. Sterile saline solution may be used if medium is not available. Larger
specimens should be transported according to written guidelines in each laboratory.

E5.5.1.2 At least two independent cultures should be established (three are recommended for resolving
questions of mosaicism). These can be from explants of tissue grown in flasks or from enzyme-dissociated
cells that can be processed in flasks or in situ.

E5.5.1.3 Except for products of conception (POC), test failure rates should not exceed 5% per year, in
total. It is suggested that periodic monitoring of POCs be done to assure that the ratio of 46,XX: 46,XY

results approximates 1:1.

E5.5.2 Solid Tissues Constitutional: Analytical Standards
See amniotic fluid guidelines (£4.2.2) for analytical standards.
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E5.6 Bone marrow studies for constitutional disorders. In most laboratories, these studies have been
replaced by analysis of short-term (overnight) blood cultures and/or FISH analysis performed on
interphase nuclei.

E5.7 Chromosome Instability Syndromes: Peripheral Blood Breakage Analyses

E5.7.1 General Standards

The rarity of chromosome instability syndromes requires that inexperienced laboratories should refer
cases to reference laboratories with experience in diagnosing such disorders. Additionally, as research
leads to the identification and cloning of the putative disease genes, molecular testing is recommended to
supplement cytogenetic analysis.

G-banded or unbanded preparations may be applied, depending upon the particular goal of the study.
Unbanded preparations are acceptable only if there is no need to identify abnormalities such as
translocations or inversions that will not be visible in unbanded preparations. All abnormalities should be
recorded using appropriate ISCN designations.

E5.7.2 Fanconi Anemia

Cytogenetic evaluation for Fanconi anemia (FA) should include analysis of crosslinking agent (e.g.,
mitomycin C [MMC], diepoxybutane [DEB]) induction of breakage in addition to baseline chromosome
breakage.

E5.7.2.1 Fanconi Anemia: Culture Conditions

Each laboratory should have well-established negative control (non-Fanconi) and positive control
(Fanconi) ranges for each culture (with and without mutagen) condition. Each new lot number of
crosslinking agent should be appropriately quality controlled for its efficacy and potency for inducing
chromosomal breakage. Given variability between drug lots, and the need to routinely prepare fresh stock
and working solutions for most of the crosslinking agents, parallel testing of control specimens is
recommended, as necessary. When a sufficient amount of blood specimen (and cell count) is available,
two drug-treated cultures (e.g., either two different concentrations of either DEB or MMC, or one culture
each of MMC and DEB) are recommended.

E5.7.2.2 Fanconi Anemia: Chromosome Breakage Analysis

Optimally, 50 metaphase cells (banded or unbanded) should be scored from each culture condition. The
average rate of chromosomal aberrations per cell or the distribution of aberrations among cells should be
compared to negative and positive control reference ranges. The percentage of cells demonstrating
aberrations should be reported to enable identification of those patients who are mosaic for mutant and
wild type cells.

E5.7.3 Bloom Syndrome
Traditionally, cytogenetic evaluation for Bloom syndrome included assessment of baseline sister
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chromatid exchange (SCE) rates. As the Bloom syndrome gene BLM has been cloned, molecular
evaluation to identify the mutation should be performed. Nearly all affected individuals have mutations
of the BLM gene.

E5.7.4 Ataxia Telangiectasia and Nijmegen Breakage Syndrome

Evaluation for ataxia telangiectasia (A-T) and Nijemgen Breakage Syndrome (NBS) should include
evaluation of sensitivity to radiation. Although such sensitivity can be assessed by cytogenetic methods,
it generally is evaluated by survival assays on lymphoblastoid or fibroblast cells.

As the A-T gene (ATM) and the NBS gene (NBN) have been cloned, molecular evaluation should be
performed for confirming the diagnosis in patients who have positive radiosensitivity assays. Again,
nearly all affected individuals with AT or NBS have mutations of the ATM gene detectable by sequence
analysis.

E5.7.5 Breakage Studies: Miscellaneous

Cytogenetic evaluation of chromosome breakage may also be undertaken for other reasons, e.g., prior
exposure to clastogens. The specific culture methods utilized (e.g., timing of cultures) and the methods of
analysis (G-banded vs. unbanded chromosomes) should be appropriate to the referral. The laboratory
should have well established positive and negative control ranges for the specific analyses being
conducted.

E6 Chromosome Studies for Acquired Abnormalities

Section E6.1-6.6 of the ACMG technical laboratory standards: Cytogenomic studies of acquired
chromosomal abnormalities in neoplastic blood, bone marrow, and lymph nodes [See Genet Med
2024:26(4):101054 OR Appendix 2]

Section E6.7-6.12 of the ACMG technical laboratory standards: Cytogenomic studies of acquired
chromosomal abnormalities in solid tumors [See Genet Med 2024:26(4):101070 OR Appendix 3]

E7 Sex Chromatin

E7.1 The indirect nature of sex chromatin analysis has rendered the test obsolete. Any patient in whom
the question of sex chromosome abnormality is being considered should have complete chromosome
analysis.
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E8 Reporting Standards

Final written reports of the results of diagnostic testing should include the following information:

ES8.1 Case identification includes name (or other first identifier), date of birth of patient, date of collection
and/or receipt of specimen, laboratory accession number(s), tissue type and name(s) of physician(s) or
authorized person who ordered the test and to whom report is sent.

E8.2 Specific details of the study to be reported should include:

Indication for study.

Numbers of cells in which chromosomes were counted, analyzed and karyotyped.

Cell culture times and conditions and banding methods employed, when they bear on the cytogenetic
interpretation.

Banding method, level of resolution and current ISCN karyotype designation(s) of cells analyzed.

A statement of additional work done to resolve questions of mosaicism. Correlation with previous
studies. When parallel controls are used for comparative purposes in a study, the results of those
controls

Interpretation of results to include: correlation with clinical information, indication of an abnormal
result where applicable, recommendations for additional laboratory genetic studies for the patient
and/or family, and a discussion of the significance of the findings, when appropriate. When
appropriate, recommendations for genetic counseling should be made. The interpretation should be
clear to a nongeneticist physician.

When investigational procedures are employed, the investigational nature of the testing.

Cautions as to possible inaccuracies and test limitations.

Individuals qualified as under B3.1 must sign all final reports. Password protected electronic
signatures can be used to fulfill this requirement.

Specifics of any preliminary results given including what the preliminary result was, the date and the
person to whom the report was given.

Date of final report.

E8.3 Laboratory identification includes name, address, and phone number of the laboratory in which the
study was performed.

E9 Fluorescence in Situ Hybridization (FISH)
ACMG technical standards and guidelines: Fluorescence in situ hybridization [See Genet Med
2011:13(7):667-675 OR Appendix 4]
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E10 Chromosomal Microarray (CMA) Analysis
Chromosomal microarray analysis, including constitutional and neoplastic disease applications, 2021

revision: a technical standard of the American College of Medical Genetics and Genomics (ACMG)
[See Genet Med 2021:23(10):1818-1829 OR Appendix 5]

This also includes:

e Interpretation standards for constitutional copy number variants (CNVs):
Technical standards for the interpretation and reporting of constitutional copy-number variants:
a joint consensus recommendation of the American College of Medical Genetics and Genomics
(ACMG) and the Clinical Genome Resource (ClinGen) [See Genet Med 2020:22(2):245-257 OR

Appendix 6]

e Interpretation and reporting of large regions of homozygosity and suspected consanguinity:
Interpretation and reporting of large regions of homozygosity and suspected consanguinity/
uniparental disomy, 2021 revision: A technical standard of the American College of Medical
Genetics and Genomics (ACMG) [See Genet Med 2022:24(2):255-261 OR Appendix 7]

e Interpretation standards for acquired copy number abnormalities (CNAs) and copy-neutral
loss of heterozygosity (CN-LOH) in neoplastic disorders:
Technical laboratory standards for interpretation and reporting of acquired copy-number
abnormalities and copy-neutral loss of heterozygosity in neoplastic disorders: a joint consensus
recommendation from the American College of Medical Genetics and Genomics (ACMG) and the
Cancer Genomics Consortium (CGC) [See Genet Med 2019:21(9):1903-1916 OR Appendix 8]

E11 This section has been incorporated into Section E10 (see above)
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Table 1: Chromosome Analysis Rubric

Count (from at least 2
independent cultures)

Analyze

Karyotype

Chorionic Villi

20 metaphases (minimum
10 from cultured
preparations)

5 metaphase cells

2 (1 per additional cell line)

Amniotic Fluid

15 in situ colonies

20 flask harvest

20 in situ and flask harvest

5 metaphase cells

2 (1 per additional cell line)

Blood

20 metaphases

5 metaphase cells

2 (1 per additional cell line)

Products of
Conception/skin
fibroblasts

20 metaphases

5 metaphase cells

2 (1 per additional cell line)

Bone Marrow/
Leukemic Blood/
Solid Tumor

20 metaphases

20 metaphases

2 (1 per additional side line / 2
per unrelated clone)
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APPENDIX 1
Diagnostic cytogenetic testing following positive noninvasive prenatal screening results
(See following page)
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Disclaimer: ACMG Clinical Laboratory Practice Resources are developed primarily as an educational tool for clinical laboratory
geneticists to help them provide quality clinical laboratory genetic services. Adherence to these practice resources is voluntary and
does not necessarily assure a successful medical outcome. This Clinical Laboratory Practice Resource should not be considered inclusive
of all proper procedures and tests or exclusive of other procedures and tests that are reasonably directed to obtaining the same results.
In determining the propriety of any specific procedure or test, the clinical laboratory geneticist should apply his or her own professional
judgment to the specific circumstances presented by the individual patient or specimen. Clinical laboratory geneticists are encouraged to
document in the patient’s record the rationale for the use of a particular procedure or test, whether or not it is in conformance with this
Clinical Laboratory Practice Resource. They also are advised to take notice of the date any particular guideline was adopted, and to consider
other relevant medical and scientific information that becomes available after that date. It also would be prudent to consider whether
intellectual property interests may restrict the performance of certain tests and other procedures.

Noninvasive prenatal screening (NIPS) using cell-free DNA
has been rapidly adopted into prenatal care. Since NIPS is
a screening test, diagnostic testing is recommended to confirm
all cases of screen-positive NIPS results. For cytogenetics labo-
ratories performing confirmatory testing on prenatal diagnostic
samples, a standardized testing algorithm is needed to ensure
that the appropriate testing takes place. This algorithm includes
diagnostic testing by either chorionic villi sampling or

BACKGROUND

This document was generated to support clinical cyto-
genetics laboratories in the testing and management of
positive noninvasive prenatal screening (NIPS) results and
is designed to be a rubric that can guide laboratory practice.
The American College of Medical Genetics and Genomics
(ACMG) revised its position statement on the use of NIPS for
fetal aneuploidy in July 2016.! This is meant to be a
companion to that revised statement.

NIPS, also referred to as cell-free DNA (cfDNA) or
noninvasive prenatal testing, has been available as a clinical

amniocentesis samples and encompasses chromosome analysis,
fluorescence in situ hybridization, and chromosomal microarray.

Genet Med advance online publication 20 July 2017

Key Words: cell-free DNA; chromosome analysis; chromosomal
microarray (CMA); noninvasive prenatal screening (NIPS); non-
invasive prenatal testing (NIPT)

screening option for pregnant women since 2011.2 Initially,
NIPS was available primarily for the detection of trisomy
21,>3 but it rapidly evolved to include the detection of
trisomies 13 and 18, sex chromosome identification, and sex
chromosome aneuploidies.*> NIPS has better performance as
a screening test for trisomy 21 than for trisomies 13 or 18, or
for sex chromosome aneuploidies.® Recently, select micro-
deletion syndromes and smaller copy-number changes, as
well as other autosomal aneuploidies, have been added by
some laboratories as additional screening options.”® Various
factors affect the accuracy of NIPS results, including confined
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placental mosaicism (CPM), maternal genomic contribution
and technical or statistical issues.” Follow-up diagnostic
testing is uniformly recommended for all patients with
positive NIPS results.!'®!! This document establishes a
standardized testing algorithm that is essential for the
cytogenetics laboratory to ensure that the appropriate
diagnostic testing has occurred and that the results are
reliable, accurate, and reflective of the fetal karyotype.

DIAGNOSTIC TESTING

Follow-up prenatal diagnostic testing is recommended for all
patients with positive NIPS results. This can be accomplished
by either chorionic villus sampling (CVS) or amniocentesis.
In general, diagnostic testing should be appropriate for the
suspected anomaly (i.e., chromosomal microarray (CMA) for
smaller copy-number changes). Some laboratories may opt to
perform fluorescence in situ hybridization (FISH) for the
aneuploidy or copy-number change in question and then
reflex to either chromosome analysis or CMA, dependent on
the FISH results. While FISH is possible for either type of
copy-number change, it may not be as accurate, depending on
the exact size of the anomaly or structural rearrangements.

Chromosome analysis on either CVS or amniocentesis
demonstrating nonmosaic trisomy or sex chromosome
aneuploidy consistent with the NIPS result is considered
confirmation of a positive NIPS and therefore of an affected
fetus. A full study (as defined by the ACMG laboratory
guidelines'?) on CVS or amniocentesis demonstrating a
normal karyotype would not typically warrant additional
metaphase cell counts or other analyses. However, a mosaic
result on CVS should not be considered confirmatory. There
are known physiological limitations of CVS that include the
possibility of CPM and rare case reports of complete
discordancy between the CVS karyotype and the fetal
karyotype.!>~1¢ While NIPS can be performed in the late first
trimester of pregnancy, and CVS is a possibility for
confirmatory studies (and often desired by the patient due
to timing), CVS may simply reflect the same DNA/cells
that were detected by NIPS, as both are derived from the
placenta.l” Certain aneuploidies, including trisomy 13 and

CHERRY et al | Cytogenetic testing for positive NIPS results

monosomy X, are more likely to be found in the mosaic form
on CVS, which may influence genetic counseling about the
preferred diagnostic test for confirmatory studies.'® When
CVS shows mosaicism for the suspected trisomy, it is
impossible to determine if this is CPM or true fetal mosaicism
(TFM). Therefore, a mosaic CVS result cannot be treated as
confirmation of an affected fetus and a follow-up amniocent-
esis is warranted, as is recommended in all cases of mosaicism
observed on CVS!21>16 (Table 1).

Similarly, CMA testing on either CVS or amniotic fluid may
be used as confirmatory diagnostic testing in cases with
positive NIPS results, or as reflex testing in cases with initial
normal results from chromosome analysis. Smaller copy-
number changes are ideally confirmed by this method. Again,
if the NIPS results and CMA results are concordant, no
further testing is recommended. However, given that
structural information is not available from CMA analysis, a
reflex to chromosome analysis may be considered to evaluate
the structural arrangement to inform recurrence risks,
especially for those cases with trisomies 21 and 13.

On occasion, prenatal diagnostic testing may not be
performed due to loss of the pregnancy before testing is
possible. In such instances, testing of the products of
conception and/or the fetus by either chromosome analysis
or CMA should be considered on a case-by-case basis.

Other forms of abnormal result exist, such as “no calls” and
the unanticipated findings rendered by special maternal
medical circumstances (e.g., obesity, oocyte donations and
prior transfusions). These are discussed at length in the
revised ACMG position statement! but are beyond the scope
of this laboratory algorithm.

POSITIVE PREDICTIVE VALUE
While most NIPS laboratories report a greater than 99%
specificity and sensitivity for trisomy 21, the positive predic-
tive value (PPV) is essential for patient care. The 2016 ACMG
position statement! recommends that all laboratories report-
ing NIPS results also include the PPV, as well as the negative
predictive value, detection rate, clinical specificity and fetal
fraction. PPV answers an important question: “If NIPS is

Table 1 Prenatal diagnostic testing algorithm following positive NIPS results

NIPS positive for: Recommended Sample Result/recommended further testing
laboratory test type
T13, T18, T21, SCA, other Chromosome analysis CVS Normal or abnormal c/w NIPS No further testing/consider CMA
aneuploidy, triploidy
Mosaic Follow-up amniocentesis with
mosaicism studies®
AF Normal or abnormal c/w NIPS or  No further testing/consider CMA
mosaic /w NIPS
Smaller copy-number changes CMA CVS or AF Negative or abnormal c/w NIPS No further testing

Abnormal not ¢/w NIPS Further testing may be warranted

dependent on specific finding

AF, amniotic fluid; CMA, chromosomal microarray; CVS, chorionic villus sampling; c/w, consistent with; NIPS, noninvasive prenatal screening; SCA, sex chromosome

aneuploidy; T13, trisomy 13; T18, trisomy 18; T21, trisomy 21.
See the text for discussion of further testing options.
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positive, what is the chance that the fetus is affected?” The
PPV is affected by the analytic specificity and sensitivity of
the test, as well as the prevalence of the disorder in the
population.®!1° When the prevalence is age dependent, as it
is for trisomies 13, 18 and 21, maternal age is a determining
factor in the reliability of the test. Due to the higher incidence
of aneuploidy associated with advanced maternal age, a
35-year-old woman with a positive result by NIPS has a
higher PPV than a 25-year-old woman with a positive result.
In addition, less common disorders, such as trisomy 13 and
trisomy 18, would be expected to have lower PPVs than the
more common trisomy 21. Very rare disorders (e.g,
microdeletion syndromes and smaller copy-number changes),
which are typically not associated with increased maternal
age, would be expected to have even lower PPVs.” The PPV
can also be determined by comparing the NIPS results with
the diagnostic testing results, with the caveat that these studies
involve relatively low numbers of cases with wide confidence
intervals.20-23

SOURCES OF DISCORDANT RESULTS

The source of cfDNA in the maternal circulation is primarily
of maternal origin, with a much lower proportion (typically
around 10%) being derived from degraded trophoblastic cells
of the placenta.?* The primary reason for discordant NIPS
and diagnostic cytogenetic testing is that the DNA tested is
not solely representative of the fetus. This could be due to
CPM or to a resorbed or unrecognized twin pregnancy.
Furthermore, it has been reported that discordant results can
be due to variations in the maternal DNA contribution,
including low-level sex chromosome and autosomal chromo-
some mosaicism, maternal malignancies, and maternal copy-
number variants.>”-2>-27 It is well known that some women
may have low-level age-related losses and gains of the X
chromosome.??° There are a few reports of concurrent
maternal malignancies when multiple or rare aneuploidies
(e.g., autosomal monosomies) are detected by NIPS303!
Other reasons for discordance might be technical or
statistical.’ Since analytic algorithms differ between testing
platforms and providers, there could be inconsistency in the
reporting of aneuploidy results from the same pregnancy
reported from different laboratories due to the utilization of
different cutoffs, z-scores and/or comparison to different
normalization controls. By necessity, reporting algorithms
include screen-positive cases that are true negatives, to ensure
that nearly all true positives would be identified by the
screening test.

CPM AND TFM
When mosaicism is detected by CVS, cytogenetics labora-
tories attempt to distinguish between CPM and TFM. In
general, regardless of the chromosome involved, this requires
follow-up amniocentesis and often an extended chromosome
analysis of this specimen with adherence to standard guide-
lines for distinguishing between pseudomosaicism and
TFM.!? This extended analysis could include screening

GENETICS in MEDICINE | Volume 19 | Number 8 | August 2017
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additional cells (or colonies) from independent cultures.
Screening additional metaphase cells, however, has its
limitations, and a very low level of fetal mosaicism can
essentially never be ruled out. Theoretically, analyzing 15
amniotic fluid colonies from at least two independent
coverslips will rule out a 19% level of mosaicism at the
ninety-fifth confidence interval, while screening an additional
15 colonies will rule out a 10% level of mosaicism.*
Alternatively, interphase FISH for the mosaic aberration
found at CVS might be useful, although it should be noted
that laboratories need to validate and establish cutoff values
for positivity for each probe utilized. Any value below these
cutoff values or thresholds would be considered negative.>?
CMAs may also be ordered as part of the follow-up testing,
although detection of low-level mosaicism may be more
challenging than by chromosome analysis and/or interphase
FISH analysis®* (Table 1).

UNIPARENTAL DISOMY OF KNOWN IMPRINTED
CHROMOSOMES

CPM can occur as a result of either postzygotic nondisjunc-
tion or aneusomy rescue. Given the latter, it is important to
determine if the normal cell line represents uniparental
disomy if an imprinted chromosome is involved.!® In these
cases, discordance between the positive NIPS result and the
diagnostic test result should be followed up with testing
appropriate for detecting uniparental disomy of the particular
chromosome of interest.

NIPS RESULTS WITH MULTIPLE ANEUPLOIDIES
OR RARE ANEUPLOIDIES

Although reportedly rare, any NIPS result that is positive for
more than one aneuploidy or one that shows rare aneuploi-
dies, such as an autosomal monosomy, should include
consideration of the possibility of a maternal malignancy. A
wide variety of maternal malignancies have been described
in the literature in association with unusual NIPS results®®3!
and there are currently no guidelines for clinical evaluation
following these rare results. Further evaluation and referral to
an oncologist may be warranted.

SMALLER COPY-NUMBER CHANGES
Some NIPS laboratories offer screening for rare micro-
deletion syndromes and smaller copy-number changes. Again,
diagnostic testing is necessary in these cases, particularly
as most will be falsely positive due to lower PPVs, and some
may represent variants of uncertain significance. In most
cases that are positive by NIPS for smaller copy-number
changes, the breakpoints and the base pair coordinate
positions and sizes are not provided or reported by the testing
laboratory.>>3 As a result, specific microdeletion FISH is
not the appropriate diagnostic test, due to the possibility
of incorrect or incomplete FISH probe coverage. In the
vast majority of cases, a whole-genome CMA analysis
should be used to determine the true fetal result. As well,
it should be noted that maternal contribution may also
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play a role in discordant results, either due to low-level
maternal mosaicism or maternal copy-number changes?’
(Table 1).

NIPS cases positive for imprinted genetic disorders (e.g.,
Angelman or Prader — Willi syndrome) may come with the
acknowledgment that the laboratory cannot distinguish
between a deletion and uniparental disomy of the region in
question. In such cases, methylation analysis, including

CHERRY et al | Cytogenetic testing for positive NIPS results
methylation-specific multiplex ligation-dependent probe
amplification or similar methodology is the appropriate
diagnostic test to confirm the fetal result. It should be noted
that methylation may not be complete for all loci at the time
of CVS, and amniocentesis or neonatal testing may be
warranted. Laboratories performing methylation analyses
should be consulted regarding the appropriate specimen type
and requirements.

Table 2 Postnatal diagnostic testing algorithm following positive NIPS results

NIPS positive for Clinical phenotype

test

Recommended laboratory

Result/recommended further testing

T13,T18, T21, other aneuploidy,
triploidy

Normal

Abnormal c¢/w NIPS

Abnormal not ¢/w NIPS

SCA or discrepant sex Normal

chromosomes

Abnormal ¢/w NIPS or abnormal
not c/w NIPS

Smaller copy-number changes Normal or abnormal

Blood chromosome analysis

CMA

Blood chromosome analysis

Blood chromosome analysis

CMA

No testing needed N/A

Abnormal or mosaic ¢/w NIPS: no further testing;
Normal: additional cell counts or interphase FISH
or CMA

Further testing may be warranted depending on
specific findings

Abnormal or mosaic ¢/w NIPS: no further testing;

Normal: no further testing
Abnormal or mosaic ¢/w NIPS: no further testing;

Normal: further testing may be warranted
depending on the phenotype

Abnormal c¢/w NIPS: parental studies, if
indicated;

Negative: no further testing;

abnormal not c/w NIPS:

Further testing may be warranted depending on
specific findings

AF, amniotic fluid; CMA, chromosomal microarray; CVS, chorionic villus sampling; c/w, consistent with; N/A, not applicable; NIPS, noninvasive prenatal screening; SCA,

sex chromosome aneuploidy; T13, trisomy 13; T18, trisomy 18; T21, trisomy 21.

Box 1 Points to consider following positive noninvasive screening results

the fetus.

cannot be completely ruled out.

in positive NIPS cases with discordant results.

date information are essential for guiding management.

be warranted.

« NIPS is a screening test. It is not a diagnostic test. Diagnostic testing is recommended as a follow-up for any positive NIPS result.
o The fetal contribution of the cfDNA studied by NIPS is of presumed placental origin and, therefore, NIPS results may not be representative of

Sources of discordant NIPS results include CPM, a resorbed or unrecognized twin, maternal chromosome abnormalities (either mosaic or
nonmosaic), maternal malignancy, technical issues including low fetal fraction, or statistical errors.

Mosaic CVS results should not be considered confirmation of a positive NIPS result. Follow-up amniocentesis is recommended.

« Chromosome analysis on follow-up amniotic fluid specimens with screening of additional cells, FISH, and/or CMA analyses may be considered to
detect possible TFM in discordant cases. It should be understood that while the chance that TFM is present can be reduced to relatively low levels, it

o CMA is recommended as follow-up testing for any smaller copy-number changes that are reported as positive by NIPS.
Specific uniparental disomy analyses on CVS or amniotic fluid cells are recommended for any imprinted regions or chromosomes reportedly involved

For patients with screen-positive NIPS results, posttest access to genetic counseling by a genetics professional and accurate, balanced and up-to-

For unusual positive NIPS results (e.g., monosomy, or multiple or rare aneuploidies), an oncology consultation for possible maternal malignancy may
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In some cases, parents with a fetus suspected to have an
anomaly by NIPS will decline diagnostic testing and choose
the option of a neonatal assessment. If possible, at birth, a
genetics consultation should be requested and a detailed
physical examination performed. In NIPS cases positive for
trisomies 13, 18 or 21, normal findings on a physical exami-
nation by a clinical geneticist may be sufficient to preclude
further testing. Any suspicion of an abnormal phenotype
related to the aneuploidy in question should prompt a
cytogenetics evaluation. When warranted, an extended
chromosome analysis to rule out low levels of mosaicism or
FISH may be performed. If the neonate has an abnormal
physical examination that is not suggestive of the trisomy in
question, CMA is recommended. For sex chromosome
aneuploidies, chromosome analysis or CMA is recommended,
with the possibility of additional interphase FISH analysis if
mosaicism is suspected. Any NIPS result indicating smaller
copy-number changes should be confirmed by CMA.
Extensive testing of placental tissue is not recommended, as
this is not important in the clinical care of the infant. In most
cases, peripheral blood chromosome analysis of the infant’s
mother to screen for mosaic sex chromosome gains or losses
also may not be relevant and is typically not needed for
patient care or for reproductive management.?®?° However,
maternal chromosome analysis or CMA may be warranted
depending on the maternal phenotype or medical history.

Finally, sex designation by NIPS may be discordant with
physical examination. While sex designation by NIPS is
relatively accurate, there are cases of XX or XY NIPS results
with the opposite sexed infant.’”*® Blood chromosome
analysis is recommended (Table 2). Clinical findings suggest-
ive of a disorder of sexual differentiation may warrant follow-
up by CMA or an appropriate gene panel.

IMPORTANCE OF GENETIC COUNSELING
Pretest counseling by the provider offering NIPS should
include both the advantages and limitations of this screening
test, as well as the alternatives.! For patients with positive
NIPS results, posttest access to genetic counseling by a trained
genetics professional is essential for guiding management. To
ensure an informed decision regarding testing and diagnostic
follow-up, patients undergoing this screening should be
provided with up-to-date, balanced and accurate information
about the limitations of NIPS, the implications of both
negative and positive NIPS results, the potential for false
positives and false negatives, and the role of diagnostic testing.
Patients should understand that diagnostic testing is both
available and voluntary. Furthermore, the education of
providers is of paramount importance.

Several points to consider following a positive noninvasive
screening result are listed in Box 1.
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6.1. Introduction

The cytogenomic assessment of bone marrow and lymph
node specimens is essential in the evaluation of hematologic
malignancies and has long been implemented in the clinical
setting. In Sections E6.1-E6.6 herein, we update the 2016
document’ and discuss the general considerations, pre-
analytical, analytical, and post-analytical components, as
well as provide guidance for the G-banded chromosome
studies, fluorescence in situ hybridization (FISH), and
chromosomal microarray analysis (CMA) of hematologic
disorders. The goal is to provide practice consistency across
laboratories using expert opinions and published data.

6.2. General considerations

6.2.1 Cytogenomic analyses of acquired clonal chromo-
somal abnormalities in neoplastic blood, bone marrow, and/
or lymph nodes are instrumental in the clinical management
of patients with hematologic neoplasms. Cytogenetic ana-
lyses assist in the diagnosis of such disorders and can pro-
vide important prognostic information.”® Furthermore,
cytogenetic studies can provide crucial information
regarding specific genetically defined subtypes of these
neoplasms that may have targeted therapies. At time of
relapse, cytogenetic analysis can confirm recurrence of the
original neoplasm, detect clonal disease evolution, or un-
cover a new unrelated neoplastic process. In some circum-
stances, cytogenetic studies may be useful in post-treatment
evaluation to identify persistent disease (with or without
clonal evolution) or to document cytogenetic remission.

6.2.2 These cytogenetic analyses include conventional G-
banded chromosome studies, FISH, and/or CMA. In addi-
tion, there is a growing overlap between cytogenetic and
molecular genetic studies and several novel methodologies
fall between these traditional boundaries and complement
traditional cytogenetic methods. Laboratories should work
closely with oncologists and pathologists to determine the
order of testing required to obtain relevant cytogenetic in-
formation in a cost- and time-efficient manner.

6.2.3 Laboratories offering cytogenetic analyses for he-
matologic neoplasms should be familiar with the various
chromosomal abnormalities associated with these different
malignancies and their clinical significance. The laboratory
should provide a robust analytical and interpretative service
for the various hematologic neoplasms. All results should
be, to the extent possible, interpreted in the context of the
clinical, pathologic, and molecular findings.””’

6.2.4 Sample processing, analytical variables, and turn-
around time (TAT) should be determined by the laboratory
based on the indication for cytogenetic referral (eg, initial
diagnosis vs follow-up studies, pre- vs post-transplant

studies, and lymphoid vs myeloid malignancies) and the
clinical application of the cytogenetic results (eg, selection
of therapy).

6.2.5 Molecular genetics analyses are essential for the
diagnosis of some hematologic neoplasms, and several
clinically significant molecular variants, not detectable by
cytogenetic analyses, provide important diagnostic and
prognostic information. However, molecular methodologies
used to detect genomic aberrations such as single-
nucleotide variants (SNVs), indels, RNA fusions, or inter-
nal tandem duplications are outside the scope of this
document.

6.2.6 For quality assurance, the laboratory should
monitor the numbers and types of hematologic neoplasms
received, percentage of cases with abnormal results, cell
culture success rate, success rate of FISH and CMA studies,
TAT, and correlation of FISH and CMA data with G-banded
chromosome analysis results. In addition, correlation with
clinical and pathologic findings, as well as additional
structural chromosomal abnormalities detected by other
molecular methods should be documented whenever
applicable.

6.3. Methods

6.3.1 These technical laboratory standards were informed
by a review of the literature and current guidelines. Re-
sources consulted included PubMed, American College of
Medical Genetics and Genomics (ACMG) technical stan-
dards, National Comprehensive Cancer Network (NCCN),
and Children’s Oncology Group, as well as the current
World Health Organization (WHO) classification and In-
ternational Consensus Classification (ICC). The workgroup
members also used their expert opinion and empirical data
to inform their recommendations. Any conflicts of interests
for workgroup members are listed at the end of the paper.
The ACMG Laboratory Quality Assurance Committee
reviewed the document providing further input on the con-
tent, and a final draft was presented to the ACMG Board of
Directors for review and approval to post on the ACMG
website for member comment. Upon posting to the ACMG
website, an email and link were sent to all ACMG members
inviting participation in the 30-day open comment process.
All members’ comments and additional evidence received
were assessed by the authors, and these recommendations
were incorporated into the document as deemed appropriate.
Member comments and author responses were reviewed by
representatives of the ACMG Laboratory Quality Assurance
Committee and the ACMG Board of Directors. The final
document was approved for publication by the ACMG
Board of Directors.
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6.3.2 The 2022 WHO and ICC classifications of he-
matologic malignancies were published during the final
stages of development of these technical standards.”® The
workgroup made recommendations that are informed by
both classifications as they pertain to the cytogenetic an-
alyses of hematologic malignancies. Significant differ-
ences between the 2 classifications regarding the inclusion
of cytogenetic data were noted and incorporated.

6.4. Pre-analytical considerations

6.4.1. Specimen type and collection

6.4.1.1 The specimen type and culture techniques utilized
should optimize the probability of detecting an abnormal
clone.

6.4.1.2 The following list includes fresh specimen types
that are appropriate for cytogenetic analysis of hematologic
neoplasms:

a. Bone marrow aspirate is the preferred specimen for
most hematologic neoplasms.

b. Bone marrow core biopsy is an option in cases with a
dry tap and will require special processing (see Section
6.4.2.2).

c. Bone marrow smear, core biopsy touch imprint prep-
arations can be used for interphase FISH analysis, if an
inadequate bone marrow aspirate is obtained.

d. Peripheral blood may yield informative results when it
contains sufficient neoplastic cells that exceed the
analytical sensitivity of the assay. In general, periph-
eral blood G-banded chromosome analysis is appro-
priate when sufficient clonal abnormal metaphase cells
are obtained.

e. Lymph node biopsy or biopsy from a suspected
lymphoid mass are also appropriate specimen types.

f. Body fluids (eg, cerebrospinal fluid, pleural fluid, and
peritoneal fluid), if involved in the neoplastic process
and sufficiently cellular, may be used.

g. Extramedullary leukemia (myeloid sarcoma, chlor-
oma) tissue biopsy is appropriate in patients with
extramedullary disease.

6.4.1.3 Specimens should be collected under sterile

conditions in sodium heparin tubes or transport media with
sodium heparin for chromosome and/or FISH analyses
(lithium heparin tubes are not recommended). Sodium
heparin prevents coagulation without interfering with cell
culture and without diminishing the quality of the prepa-
ration. The optimal concentration of sodium heparin
should be 20 IU/mL of specimen (per either bone marrow
volume alone or per total volume of bone marrow and
transport medium combined).® EDTA tubes may be used
for assays that require genomic DNA (gDNA) or RNA
extraction; however, EDTA has been shown to impair cell
growth in culture. It should be noted that heparin is a po-
lymerase chain reaction (PCR) inhibitor and should be
avoided if amplification of the DNA is anticipated. Of note,

any downstream RNA-based studies will require special
specimen handling.”

6.4.1.4 The volume of bone marrow available will differ
for adults and children. An approximate specimen volume
of 1 to 3 mL should be requested. During specimen pro-
curement, several draws are likely to be collected, typically
becoming progressively more hemodilute. Because the first
draw typically contains more neoplastic bone marrow cells,
it is recommended that cytogenetics receive the first or
second draw whenever possible.

6.4.1.5 Specimens should be received by the laboratory
as soon as possible, ideally within 24 hours (for optimal
plasma cell neoplasms (PCNs) specimen processing, see
Section 6.4.2.3c).8 Also, it is recommended that specimens
be maintained at ambient temperature during transit.
Extreme temperatures should be avoided.

6.4.2. Specimen processing and quality

6.4.2.1 The laboratory should process the specimen as
soon as possible after it is received. The methods that will be
used to analyze the specimen should be determined before
processing whenever possible. If chromosome analysis is
requested, cell culture will be required. If FISH and/or CMA
analyses are requested, a portion of the specimen can be
used for direct harvest of interphase cells and/or gDNA
extraction. If the diagnosis is unclear at the time of specimen
processing, the laboratory (in consultation with the treating
physician) may still want to perform direct harvest of
interphase cells and/or gDNA extraction but put the FISH
and/or CMA analyses on-hold until a more definitive diag-
nosis is available. This is important to preserve the integrity
of the specimen used for FISH and/or CMA. Interphase
FISH analysis can be performed on the cultured fixed cell
pellet; however, this has the potential of introducing culture
bias.

6.4.2.2 If a bone marrow core biopsy, or other solid
tissue, is obtained, it should be disaggregated to generate a
cell suspension. This can be achieved by mechanical
mincing and/or enzymatic digestion using collagenase.
Culture conditions are the same as those for a bone marrow
aspirate.

6.4.2.3 Cell culture conditions should be optimized for
the specific hematologic neoplasm suspected:

a. Acute leukemias, including acute myeloid leukemia
(AML), acute lymphoblastic leukemia (ALL), and
acute leukemias of ambiguous lineage: unstimulated
short-term cultures are recommended. If sufficient
specimen is received, at least 2 cultures should be
initiated, including direct, overnight, and/or 24-hour
cultures. In pediatric ALL, an additional unstimu-
lated 48-hour culture can be useful in the identification
of an abnormal clone. The seeding density is usually 1
to 2 million cells per mL of medium.®

b. Myelodysplastic neoplasms/syndromes (MDS) and
myeloproliferative neoplasms (MPN): Same as acute
leukemias.
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c. Plasma cell myeloma (also referred to as multiple

myeloma [MM]) and other PCNs: Unstimulated 24-

hour and B cell mitogens (eg, IL-4) stimulated cul-

tures may be performed.'’ The clinical utility of G-

banded chromosomal analysis in PCNs will be dis-

cussed in a subsequent section (see Section 6.5.4.5).

Of note, establishing bone marrow cultures from pa-

tients with previously diagnosed and treated PCN may

also allow the detection of concurrent de novo or
therapy-related myeloid neoplasms. For FISH and/or

CMA analyses, if the bone marrow plasma cell per-

centage (as determined by aspirate count or flow

cytometry) is below a laboratory-validated cutoff
value, CD138+ (syndecan-1) plasma cell enrichment
is recommended.'""'? Each laboratory needs to estab-
lish its own cutoff value for plasma cell enrichment."”

Specimens of PCNs received for FISH analysis should

be processed as soon as possible, preferably within 24-

hours, to ensure optimal plasma cell recovery.'” Sur-

face expression of CD138 has been shown to be
reduced when sample processing is delayed.'*"”

Alternative approaches such as flow sorting using

additional surface antibodies such as CD319 or

CD229 can be considered for improved plasma cell

yield.'®"”

. Mature lymphoid neoplasms:

1) Peripheral blood and bone marrow: depending on
the immunophenotype, additional cultures with B
or T cell mitogens may be helpful.

- Chronic lymphocytic leukemia (CLL) and other
mature B cell neoplasms: CpG-oligonucleotide
cell stimulation is recommended and has been
shown to enhance the detection of clonal chro-
mosomal abnormalities.'®'”

- Well differentiated T cell disorders (eg, T cell
leukemias, T cell lymphoma, Sézary syndrome,
and mycosis fungoides): T cell mitogens, such as
phytohemagglutinin, may be helpful.

2) Fresh lymphoid tissue:

- Disaggregation of lymphoid tissues into single-cell
suspension is necessary before culture initiation.
The lymphoid cells in most tissues are readily
disaggregated by mechanical means, such as
mincing with scalpels or curved scissors. The use
of these methods is often advantageous if the tissue
is easily dissociated because it will keep the loss of
cells to a minimum and may help minimize stromal
contamination as stromal cells are often locked in
fibrous connective tissues. If cells are not readily
released by mechanical means, enzymatic diges-
tion may be necessary. When using enzymatic
digestion, the tissue must first be minced and then
incubated with the enzyme solution (eg, collage-
nase) for 20 minutes to 16 hours, depending on
how quickly cell release occurs.

- Disaggregated cells are cultured in suspension
using appropriate supportive growth medium.

Tumor cells may spontaneously divide; however,
mitogens may be used for lymphoid disorders to
encourage proliferation of the desired cell type.
- Depending on the amount of available tissue, a
combination of direct, 24-hour, and/or 48-hour
cultures are most often utilized for lymphoid
disorders.
3) Formalin-fixed paraffin embedded (FFPE) tissue:
FFPE tissue is acceptable for FISH and CMA
analysis (see Sections 6.5.2 and 6.5.3).

6.5. Analysis

6.5.1. Conventional G-banded chromosome analysis

6.5.1.1 Cell selection: Metaphase cells should not be
selected for analysis solely on the basis of good chromo-
some morphology. In general, the technologist should select
an area of the slide to begin the analysis and then examine
metaphase cells as they appear consecutively in the micro-
scope field, only skipping cells for which extremely poor
morphology precludes chromosome identification. This
technique can also be performed using automated metaphase
finders by examining metaphase cells consecutively
captured by the system. Sufficient cells should be analyzed
or examined to maximize the detection of an abnormal clone
and establish the clonality of the abnormality found (please
see Section 6.5.1.3 below). For each abnormal clone iden-
tified, clonal cells with the best chromosome morphology
should be analyzed, captured, and karyotyped to provide the
most accurate breakpoint assignment. When cells are skip-
ped because of poor morphology, it is important to attempt
to count the number of chromosomes. This is particularly
true for hyperdiploid and hypodiploid B-lineage ALLs
(B-ALLs) or PCNs. In addition, attempts should be made to
identify possible structural chromosomal abnormalities,
particularly if the disease under consideration is associated
with a specific recurring abnormality (eg, the t(9;22) in
chronic myeloid leukemia [CMLY]).

6.5.1.2 Number of cells evaluated: The number of
metaphase cells analyzed vs the number of cells counted or
scored for a particular chromosome/abnormality should be
appropriate for the type of the study (eg, initial diagnosis or
follow-up studies) and the purpose of the study (eg, detec-
tion of residual disease or response to therapy, monitoring
for clonal evolution, or monitoring of allogeneic transplant
engraftment) as discussed in Section 6.5.1.3 below.

6.5.1.3 Initial diagnostic studies:

a. Analysis: Analyze a minimum of 20 cells from
unstimulated cultures. For the mature B and T cell
disorders, adequate representation of cells analyzed
from a combination of both unstimulated and mitogen-
stimulated cultures may be appropriate as described.
Unstimulated CLL cultures infrequently yield CLL-
related clonal chromosomal abnormalities; however,
they can also reveal MDS/AML-related clonal ab-
normalities because some of these patients may have
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Section 6.5.1.3 (Initial diagnostic studies)

Documentation Flowchart of G-banded Chromosome Analysis

Abnormal cells

! l
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Two karyotypes

Unrelated clones

Two karyotypes for
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! l
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better documentation
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abnormalities, additional karyotypes may be needed for better
clarification and documentation

abnormalities, two karyotypes of each sideline may be required for

Figure 1

concurrent de novo or therapy-related myeloid neo-
plasms. Similarly, unstimulated 24-hour PCN cultures
can reveal clonal abnormalities from concurrent
myeloid neoplasms.

b. Documentation (Figure 1):
« For the abnormal cells:

- If only 1 abnormal clone is present: 2 karyotypes.

- If more than 1 related abnormal clone is present:
2 karyotypes of the stemline and one of each
sideline.

- If unrelated clones are present: 2 karyotypes for
each stemline and 1 for each associated related
sideline.

- In instances when the sideline contains multiple
complex abnormalities, 2 karyotypes of each
sideline may be required for better
documentation.

- In instances when the clone contains multiple
complex abnormalities, additional karyotypes
may be needed for better clarification and
documentation.

« For the normal cells:

- If only normal cells are present: 2 karyotypes.

- If normal and abnormal cells are present: 1 kar-
yotype of a normal cell.

6.5.1.4 Follow-up studies of patients who have had a
previous cytogenetic study: for the following analytic
guidelines, it is assumed that the laboratory has documen-
tation of the patient’s previous cytogenetic results. If the
study has been performed elsewhere and there is minimal
information available, it is recommended that, except for

Documentation flowchart of G-banded chromosome analysis in initial diagnostic studies (Section 6.5.1.3).

patients seen for the first-time post-transplant, the analysis
must be considered the same as an initial diagnostic workup
(see Section 6.5.1.3).

I. Patients who have not undergone allogeneic hemato-
poietic cell transplantation:

a. Analysis: Analyze 20 metaphase cells. If all cells are
normal, additional cells may be scored for a specific
abnormality by G-banded chromosome or FISH
analysis if pathology suggests a specific karyotypic
abnormality. For some patients, follow-up cytogenetic
study is ordered to rule out a therapy-related malig-
nancy (eg, MDS) rather than disease recurrence.

b. Documentation:

» For cases with both normal and abnormal cells or
only abnormal cells:

- One karyotype of a normal cell, if such a kar-
yotype was not documented in a previous study
by the laboratory; otherwise, 1 normal metaphase
spread.

- One or 2 karyotypes from each abnormal clone
for a minimum total of 2 karyotypes.

« For cases with all normal cells:

- Two karyotypes.

II. Patients who have undergone an allogeneic hemato-
poietic cell transplantation for whom donor vs recip-
ient origin of the cells can be determined:

For studies aimed solely at determining engraftment
status, molecular methods using different types of markers
(eg, short tandem repeat, single-nucleotide polymorphism
[SNP], and indel) are more analytically sensitive than
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G-banded chromosome analysis and are the preferred meth-
odologies.””** Cytogenetic analyses should only be per-
formed to exclude additional abnormalities or assess
remission status. Therefore, in consultation with the referring
physician, cancellation of test requests for G-banded chro-
mosome analysis for engraftment status may be considered.
Interphase FISH analysis using centromeric probes for the X
and Y chromosomes (in the case of sex discordant transplant)
can be used to determine the percentages of donor and
recipient cells but may have limited sensitivity.

Cytogenetic analysis can uncover evidence of chimerism
for recipient and donor cells based on sex chromosome
complement in the case of sex discordant transplant and in
the rare instance of a constitutional (ie, germline) structural
chromosomal abnormality or an obvious chromosomal
polymorphism in either the donor or recipient cells. It is
expected that there will be different approaches used by
different laboratories to address these studies based on the
following scenarios:

« If only donor cells are present:

a. Analysis: analyze 20 cells.

b. Documentation: Document 2 karyotypes for each
cell line. In such cases, one is documenting either
the constitutional karyotype (normal or abnormal)
of the donor or the rare event of a malignant
process arising in a donor cell.

« If donor and recipient cells are present:

a. Analysis: analyze recipient cells completely for
previously identified clonal chromosome abnor-
malities and any newly acquired abnormalities. In
some cases, there may be structural chromosomal
abnormalities  secondary to  chromosome
breakage or rearrangement induced by the pre-
transplant conditioning regimen. The laboratory
should distinguish clonal from nonclonal changes
and determine the clinical significance of newly
detected abnormalities.

1) Recipient cells: analyze all recipient cells
present out of 20 cells analyzed. Evaluate each
recipient cell for the presence of the abnor-
mality present before transplantation (ie, the
diagnostic abnormality). Depending on the
number of recipient cells present among the
initial 20 metaphase cells analyzed, additional
recipient cells may be analyzed completely
and/or scored for the presence of the diag-
nostic abnormality.

2) Donor cells: analyze 2 donor cells if donor cells
have not been analyzed in previous studies.
Otherwise, simply score these cells as being of
donor origin and count their modal number.

b. Documentation:

1) Recipient cells: 2 karyotypes for the stemline
and 1 for each sideline.

2) Donor cells: if donor cells have been docu-
mented previously, then provide a single

metaphase spread. If donor cells have not been
documented previously, then provide 2
karyotypes.

« If only recipient cells are present:

a. Analysis: analyze 20 cells following the guide-
lines set forth above with respect to the charac-
terization of the diagnostic, as well as secondary
abnormalities.

b. Documentation: same as noted above for
abnormal recipient cells.

III. Patients who have undergone an allogeneic hemato-
poietic cell transplantation for whom donor and
recipient cells cannot be determined: analyze 20
cells. As in the case scenarios outlined above, follow
guidelines for recipient cells as set forth above.

6.5.2. FISH analysis

6.5.2.1 Interphase FISH analysis may be used as a pri-
mary testing methodology or in conjunction with G-banded
chromosome analysis for the evaluation of hematologic
neoplasms. FISH studies may be indicated to (i) provide a
rapid result to aid in the differential diagnosis or therapy
planning, (ii) detect a cryptic chromosomal abnormality or
gene rearrangement, especially when G-banded chromo-
some analysis yields normal results, (iii) detect clinically
significant gene amplification, which may also require
metaphase FISH analysis to document the tandem nature of
this rearrangement on the same chromosome (ie, signal
clustering within the same chromosome vs copy-number
gain on separate chromosomes), (iv) provide an alternative
diagnostic method when no metaphase cells are obtained by
blood, bone marrow, or lymphoid tissue cultures, and (v)
detect abnormalities in samples that are not adequate or not
suitable for G-banded chromosome analysis.

6.5.2.2 Characterization of the initial diagnostic inter-
phase FISH abnormal signal pattern is important and will
allow future monitoring of the patient’s disease.

6.5.2.3 Metaphase FISH analysis and/or sequential G-
banded chromosome analysis with metaphase FISH follow-
up provides a useful methodology to characterize cryptic or
variant chromosomal abnormalities or gene rearrangements
(eg, gene fusion because of a 3-way translocation or an
insertion).

6.5.2.4 Sample types that can be used for FISH analysis
include (a) direct harvest or cultured fixed cells, (b) aspirate
smears, (c) touch imprint preparations, (d) cytospin prepa-
rations, or (e¢) FFPE tissue sections.

a) Direct harvest or cultured fixed cells: These are the
most commonly used preparations in hematologic
malignancies and have multiple applications for both
interphase and metaphase FISH analysis as discussed
above.

b) Aspirate smears: hybridization of probes should be
limited to areas of optimal cell density (cellular trails
or the feathered edge of smears, without probing the
spicules).
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¢) Touch imprint preparations: a pathologist should be
involved in selecting the tissue for touch imprint
preparations. These preparations should be made by
lightly touching the piece of tumor tissue to a glass
slide without smearing, followed by air drying.

d) Cytospin preparations: these are useful for a concen-
tration of samples with very low cellularity (eg, ce-
rebrospinal fluid).

e) FFPE tissue sections™:

- Tumor sections cut to a validated thickness and
mounted on positively charged organosilane-coated
(silanized) slides work well. The cytogenetics lab-
oratory should request several unstained sections
and one hematoxylin and eosin—stained sequentially
cut section from the submitting laboratory.

- Before scoring a FFPE FISH slide, it is crucial for a
pathologist to review a hematoxylin and
eosin—stained slide and delineate the region of tu-
mor cells that should be scored because it can be
difficult to differentiate normal cells from malignant
cells using only 4',6-diamidino-2-phenylindole
(DAP]) counterstain. Before scoring the slide, the
technologist should be clear where the malignant
cells of interest are located on the slide.

6.5.2.5 A good understanding of the design of all FISH
probe mixtures, especially dual-fusion and break-apart FISH
probes, is critical for the accurate interpretation of FISH
results. For dual-fusion probes, the level of coverage of the
genes and flanking genomic regions should be taken into
consideration when interpreting variant abnormal signal
patterns. For break-apart probes, a clear distinction should
be made between probes that span the 5’ and 3’ regions of
the gene vs probes that span the flanking regions, and this
distinction should be correlated with rearrangements that
result in gene fusion (eg, KMT2A gene rearrangement) vs
gene dysregulation (eg, MYC gene rearrangement). A
variant abnormal interphase signal pattern should be inter-
preted in the context of the hematopathology findings, G-
banded chromosome analysis, abnormal cell percentage (ie,
abnormality involving the stemline or sideline clones), and
whether the 5’ or 3’ region of the gene is the functionally
significant portion of the gene fusion/rearrangement (eg,
deletion of 3" KMT2A with retention of the 5’ region, and
involving the stemline clone is often interpreted as KMT2A
gene rearrangement). Metaphase FISH analysis is often
required  to  characterize = variant  chromosomal
rearrangements.

6.5.2.6 Analysis and documentation of FISH studies
should be in accordance with Section E9 of these technical
standards for clinical genetics laboratories.

6.5.3. CMA analysis

6.5.3.1 CMA analysis can add valuable information that
will support and supplement both G-banded chromosome and
FISH analyses. It can detect small cryptic and clinically
significant copy-number abnormalities (CNAs) in various

hematologic malignancies. In addition, CMA SNP platforms
can also detect copy-neutral loss of heterozygosity (CN-
LOH). This technology, however, cannot detect balanced
chromosomal rearrangements. Published clinically applicable
data now show the clinical utility of CMA in the assessment
of various hematologic malignancies.'****” Examples of the
clinical utility of CMA in hematologic malignancies can be
found in the disease-specific section discussed below (Sec-
tion 6.5.4) and the ACMG/CGC technical laboratory stan-
dards for interpretation and reporting of acquired CNAs and
CN-LOH in neoplastic disorders.”®

6.5.3.2 In hematologic malignancies, CMA analysis is
often performed on fresh bone marrow or peripheral blood
for neoplastic studies but can also be performed on FFPE
tissue. It is currently established as an accepted adjunct test
for the characterization of cytogenetic abnormalities, espe-
cially in known disease entities where the common tumor
driver has not been detected (eg, high-grade B cell lym-
phomas with 11q aberrations)."°

6.5.3.3 Analysis and documentation of CMA studies
should be in accordance with Section E10 of these technical
standards for clinical genetics laboratories.

6.5.4. Recommended cytogenetic analysis scheme in
hematologic neoplasms

6.5.4.1 Acute leukemias

Bone marrow is the preferred specimen for acute leukemias,
but peripheral blood can be used when the percentage of
circulating neoplastic cells exceeds the analytical sensitivity
of the assay. Interphase FISH analysis performed on bone
marrow smears or core biopsy touch imprint preparations is
an alternative in cases with a dry tap and/or hemodiluted
bone marrow aspirate and absent/low circulating blast cells.
A close collaboration with the oncologist and pathologist is
recommended for establishing the order of testing and
additional tests that should be undertaken.

1. AML

- G-banded chromosome analysis is indicated for all
AML cases at diagnosis and relapse and is typically
sufficient to identify cytogenetic abnormalities in
AML clones.”””° However, some laboratories
choose to combine FISH probes for the most com-
mon and clinically significant abnormalities into an
AML FISH panel, which is performed on diagnostic
specimens concurrently with the G-banded chro-
mosome studies. This facilitates achieving clinically
appropriate TAT for detection of key abnormalities.
FISH confirmation is also useful in cases with poor
chromosome morphology, and establishment of the
FISH pattern at diagnosis may have utility for future
follow-up.

- Laboratories that offer AML FISH panel testing
may consider including the following probes
(Figure 2) 2353132,

a) RUNXI::RUNXITI fusion probes for the
(8;21)(q22;922)
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Acute Leukemias yel yelopi | (MPN) and Myeloid/lymphoid Plasma cell Chronic lymphocytic
| (MDS) yelodyspl. /myeloproliferative I; | with | (PCN) leukemia (CLL)
hilia

Acute Myeloid Acute Lymphoblastic Leukemia (ALL) Chronic Myeloid Other MPNs and

Leukemia (AML) Leukemia (CML) MDS/MPN

B-ALL T-ALL

RUNX1::RUNX1T1 For BCR::ABL1 fusion -5/5q9- probes BCR::ABL1 fusion BCR::ABL1 fusion FIP1L1::PDFGRA IGH rearrangement ATM (11qg22.3) probe

fusion probes for the pediatric/young probes: for probes probes (for exclusion fusion probes (CHIC2 | probes

(8;21)(922;922) adult cases: BCR::ABL1 fusion of CML) deletion)

and ABL1
amplification

CBFB rearrangement BCR::ABL1 fusion KMT2A (MLL) -7/7q- probes PDGFRB 1921.3 probe Centromeric probe for

or CBFB::MYH11 probes rearrangement rearrangement (including CKS1B) chromosome 12

fusion probes for the probes probes for 1921 copy gain

inv(16)(p13.1922) and and 1p32.3 probe

t(16;16)(p13.1;922) (including CDKN2C)

for 1p32 deletion

KMT2A (MLL) KMT2A (MLL) TCRA/D Centromeric probe FGFR1 TP53(17p13.1) 13q14.3 (including

rearrangement probes | rearrangement rearrangement for chromosome 8 rearrangement probe D135319) probe

probes probes probes

-5/5q- probes ETV6:RUNX1 Optional: TP53 (17p13.1) JAK2 rearrangement Probes for three or TP53 (17p13.1) probe

fusion probes: for probe probes more of the odd-
ETV6::RUNX1 numbered

fusion, ETV6 chromosomes (eg,
deletion, and chromosomes 5, 7,
iAMP21 9,11, 15, and 19)

-7/7q- probes Centromeric BCL11B 20q- probe ETV6::ABL1 fusion 13q14.2914.3 Optional:

probes for rearrangement probes probes (including
chromosomes 4 probes RB1)
and 10 (particularly in

ETP-ALL)

TP53 (17p13.1) probe For adult cases: Optional: IGH::CCND1 fusion
probes (in cases with
atypical
immunophenotype)

NUP98 rearrangement | BCR::ABL1 fusion MYC rearrangement

probes (in pediatric probes probes

AML)

Depending on cell KMT2A (MLL)

morphology, flow rearrangement

cytometry, G-banded probes

chromosome analysis,

and molecular

studies:

PML::RARA fusion In both pediatric

probes for the and adult B-ALL, if

1(15;17)(q24.1;q21.2) initial G-banded

chromosome
analysis and FISH
panel testing is
negative:

BCR::ABLI fusion CRLF2

probes for the rearrangement

t(9;22)(q34.1;911.2) probes

DEK::NUP214 fusion PDGFRB

probes for the rearrangement

t(6;9)(p22.3;934.1) probes

MECOM (EVI1) ABL1

rearrangement probes | rearrangement

probes

MLLT10 ABL2

rearrangement probes | rearrangement

or KMT2A::MLLT10 probes

fusion probes for the

t(10;11)(p12;923.1)

JAK2
rearrangement
probes
[ FISH probes recommended in a panel ] [ Individual FISH probe recommendation ]

Figure 2

FISH panels and probes recommended in hematologic malignancies.
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b) CBFB rearrangement or CBFB::MYHI11 fusion
probes for the inv(16)(p13.1g22) and
t(16;16)(p13.1;q22). FISH confirmation is
advised for cases with inv(16) and t(16;16)
because these abnormalities can be subtle, in
particular if the morphology of G-banded chro-
mosomes is suboptimal.

¢) KMT2A (MLL) rearrangement probes

d) -5/5q- probes

e) -7/7q- probes

f) TP53 (17p13.1) probe: for TP53 deletion

The primary FISH panel may also include NUP98

rearrangement probes; in particular, for pediatric

cases in which NUP98 abnormalities are more
common (Figure 2). NUP98 rearrangements define
specific entities in the WHO02022 (AML with

NUP9S8 rearrangement) and 1CC2022 (AML with

other rare recurring translocations) classifications,

are often cryptic,””* and their presence is associ-
ated with an unfavorable outcome.’

Depending on cell morphology, flow cytometry,

and/or results of G-banded chromosome analysis

and molecular genetic testing, the following FISH

probes can be added (Figure 2):

m PML::RARA fusion probes for  the
t(15;17)(q24.1;921.2). PML::RARA fusion is
diagnostic of acute promyelocytic leukemia,
which is usually strongly suspected at diagnosis
based on the patient’s presentation, blast cell
morphology, and flow results. If acute promye-
locytic leukemia is suspected, FISH for
PML::RARA may be initiated at the same time as
G-banded chromosome analysis in an expedited
manner. A RARA break-apart probe can be used to
detect rare variant translocations in which RARA
fuses with a different partner gene.

m BCR::ABLI fusion probes for the
1(9;22)(q34.1;q11.2). AML with t(9;22) is rare but
represents a diagnostic entity in the WHO2022
and ICC2022 classifications.

m DEK::NUP214  fusion probes for the
t(6;9)(p22.3;q34.1). The t(6;9) can be subtle if the
quality of G-banded chromosomes is poor.
Additionally, it defines a specific entity in the
WHO2022 and ICC2022 classifications and has
prognostic significance.

m MECOM (EVII) rearrangement probes should be
considered when chromosome analysis is sug-
gestive of an inv(3)(q21q26.2), t(3;3)(q21;926.2)
or any abnormality involving 3q26.2. Rear-
rangements involving the MECOM (EVII) locus
at 3q26.2 define an entity in the WHO2022 and
ICC2022 classifications and are associated with a
Very poor prognosis.

m MLLTIO rearrangement probes or
KMT2A::MLLTIO fusion probes for the
t(10;11)(p12;q23.1). MLLT10 translocations can be

difficult to identify by G-banded chromosome
analysis because they are frequently cryptic or
associated with a complex karyotype.’® For
example, the t(10;11)(p12;q23.1) resulting in the
KMT2A::MLLTI0 fusion has been reported to be
cryptic in about 26% of cases, and can also result
in a normal KMT2A break-apart probe FISH
pattern.”” FISH testing for an MLLTI0 rearrange-
ment or specifically for the KMT2A::MLLTIO
fusion (which is the most common MLLT0 fusion
in AML) can be considered if results from other
testing modalities are uninformative.

- Several other rare gene fusions (including

NPMI::MLF1, KAT6A::CREBBP, ETV6::MNXI,
FUS::ERG, CBFA2T3::GLIS2 and others) define
the AML with “other defined genetic alterations” or
“rare recurring translocations” entities in the
WHO2022 and ICC2022 classifications, respec-
tively. Offering clinically validated FISH assays for
all diagnostic rare fusions in AML may not be
feasible for most laboratories; the choice of addi-
tional FISH probes to include in the testing menu
may depend on clinical needs, patient population,
accessible resources, and available molecular fusion
testing at each institution.

CMA testing in AML has been shown to detect
abnormalities that influence risk stratification and
patient management, including abnormalities un-
detectable by other routinely used testing mo-
dalities.”®  Assuming successful ~ G-banded
chromosome analysis, CMA testing may not be
clinically indicated for every newly diagnosed
AML patient. However, clinical use of CMA
testing should be considered in the following
circumstances: (1) normal karyotype, non-specific
cytogenetic abnormalities and chromosome ab-
normalities associated with intermediate prog-
nosis, (2) completely unobtainable or inadequate
(fewer than 20 apparently normal analyzable
metaphase cells) results by G-banded chromo-
some analysis, (3) unusual morphologic, immu-
nophenotypic or cytogenetic findings, and (4)
refractory and relapsed AML.”* In addition, CMA
with a SNP component is the most reliable testing
modality for detection of CN-LOH, which has
been shown to have prognostic significance in
AML and to “unmask” variants in oncogenes or
tumor suppressor genes (eg, 13q CN-LOH with
FLT3 activating variants and 17p CN-LOH with
TP53 loss-of-function Variants).38’3()

2. ALL
- B-ALL is more frequent than T-lineage ALL (T-

ALL), accounting for 85% of pediatric ALL and
75% of adult ALL.>™*”

- In both pediatric/young adult and adult B-ALL, G-

banded chromosome analysis should be performed
simultaneously with interphase FISH analysis for
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the most frequent clinically significant abnormalities

in each age group.

In pediatric B-ALL, it is recommended to include

the following probes in the initial FISH panel

(Figure 2):

a) BCR::ABLI fusion probes

b) KMT2A (MLL) rearrangement probes

c) ETV6::RUNX]I fusion probes: for ETV6::RUNXI
fusion, ETV6 deletion, and iAMP21 (intra-
chromosomal amplification of chromosome 21)

d) Centromeric probes for chromosomes 4 and 10
for trisomies of chromosomes 4 and 10

In adult B-ALL, the following probes are recom-

mended for the initial interphase FISH analysis

(Figure 2):

a) BCR::ABLI fusion probes

b) KMT2A (MLL) rearrangement probes

When feasible, BCR::ABLI FISH analysis of flow-

sorted cells or in combination with cell

morphology (segmented vs mononuclear cells) may

be important in distinguishing between CML in

lymphoid blast phase and de novo B-ALL.’

If the initial G-banded chromosome analysis and FISH

panel testing does not identify any diagnostic genetic

abnormalities, in both pediatric and adult B-ALL,

additional FISH testing is recommended for abnor-

malities associated with the BCR::ABLI-like (Phila-

delphia [Ph]-like) disease subtype. The following

FISH probes are recommended, targeting the most

frequent abnormalities in Ph-like B-ALL (Figure 2):

a) CRLF? rearrangement probes: if positive for the
typical disruption pattern, then there is likely an
IGH::CRLF2 fusion due to the t(X/
Y;14)(p22.33/p11.32;q32.33) rearrangement.
However, if positive for a signal pattern sug-
gestive of the pseudoautosomal region 1 (PAR1)
deletion, follow-up FISH testing is recom-
mended using the P2RYS and IGH break-apart
probes to confirm the P2RYS8::CRLF2 fusion
and exclude a concomitant /GH::CRFL2 fusion.
Metaphase FISH testing using the CRLF2 and
IGH break-apart probes or interphase FISH
testing using the IGH::CRLF2 dual-fusion
probes may be needed. The concomitant pres-
ence of the t(X/Y;14) and PARI1 deletion
involving the same CRLF2 allele functionally
behaves similar to the IGH::CRLF2 fusion
because the translocation breakpoint maps
proximal to the CRLF2 gene and the whole gene
is translocated to the der(14) in close proximity
to the /GH enhancer."’

b) PDGFRB rearrangement probes

¢) ABL] rearrangement probes

d) ABL2 rearrangement probes

e) JAK?2 rearrangement probes

- The ABLI, ABL2, JAK2, and PDGFRB genes

constitute the 3’ gene fusion partner in Ph-like

B-ALL, and a break-apart probe signal pattern
demonstrating a deletion of the 5’ end of the gene is
considered positive for a gene rearrangement.

If the genetic driver remains unknown after evalu-

ation for Ph-like B-ALL, additional interphase FISH

testing may be considered to detect abnormalities
that define other specific entities in the WHO2022
and ICC2022 classifications, have prognostic and/or
predictive significance, or are frequently observed in

B-ALL. Further FISH testing may also be guided by

the patient’s clinical characteristics (age of onset,

constitutional trisomy 21, residual disease) or flow
cytometry findings. Clinical laboratories increas-
ingly rely on molecular next-generation sequencing

(NGS) based testing for detection of abnormalities

associated with novel subtypes of B-ALL, as some

of the relevant FISH probes may not be commer-
cially available. If additional testing by FISH is
pursued, the following probes may be selected:

a) TCF3::PBXI fusion probes

b) TCF3::HLF fusion probes

¢) ZNF384 rearrangement probes

d) MEF2D rearrangement probes

e) NUTMI rearrangement probes

f) IGH::IL3 fusion probes

g) MYC rearrangement and/or IGH::MYC fusion
probes

h) PAX5 (9p13.2) probe

i) CDKN2A/B (9p21.3) probe: 9p21.3 deletion is
common in both B- and T-ALLs, but its prog-
nostic significance has been debated; however, it
provides a clonal target for future monitoring of
the patient’s disease in the absence of other FISH
targets.

In T-ALL, G-banded chromosome analysis should

be performed first. Interphase FISH analysis is

optional and could include the following probes

(Figure 2):

a) BCR::ABLI fusion probes: for BCR::ABLI
fusion and ABLI amplification (ie, episomal
amplification of the NUP214::ABLI fusion)

b) KMT2A (MLL) rearrangement probes
¢) TCRA/D rearrangement probes
FISH for BCL11B rearrangement may be considered,
particularly in the diagnosis of early T cell precursor
ALL (ETP-ALL) (Figure 2). Approximately a third
of ETP-ALL is characterized by rearrangement and
deregulation of BCLIIB. BCLIIB rearrangements
now define a specific entity in the ICC2022 classifi-
cation (ETP-ALL with BCLIIB rearrangement) and
are often cryptic.”’

CMA, when combined with G-banded chromosome

and FISH analyses, can significantly enhance the ge-

netic profiling of both B-ALL and T-ALL.””**™ In

B-ALL, CMA can provide evidence for IKZFI dele-

tion, including the newly defined IKZFI-plus entity,*

ERG deletion (present in 50% of cases with DUX4
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rearrangement),”’ and the diagnostic pattern of chro-
mosome 21 CNAs associated with iAMP21, which
may be missed by RUNXI FISH analysis alone."
A SNP CMA is also very helpful in distinguishing
the favorable hyperdiploid B-ALL from the unfavor-
able near haploid or low hypodiploid B-ALL that often
doubles and presents in the form of hyperdiploidy or
near triploidy. In T-ALL, CMA detects cryptic de-
letions at 1p32 that result in STIL::TALI fusion and
9q34 amplification because of episomal amplification
of the NUP214::ABLI fusion.*"’

6.5.4.2 Myelodysplastic neoplasms or syndromes

- Bone marrow is the preferred specimen for MDS.”'
Interphase FISH analysis performed on bone marrow
smears or core biopsy touch imprints is an alternative in
cases with a dry tap and/or hemodiluted bone marrow
aspirate. A close collaboration with the oncologist and
pathologist is recommended in MDS cases because
other non-neoplastic hematologic disorders can have a
similar presentation.

- G-banded chromosome analysis is recommended to be
performed first.”” In case of an incomplete/unsuccessful
chromosome analysis or if the laboratory is unable to
maintain a clinically appropriate TAT for chromosome
analysis, CMA analysis or MDS FISH panel should be
performed on the diagnostic specimen (NCCN MDS
Guidelines).™
m The MDS FISH panel may include the following set

of probes that target common abnormalities (Figure

2):3

a) -5/5q- probes

b) -7/7q- probes

c) Centromeric probe for chromosome 8: for tri-
somy 8

d) TP53 (17pl3.1) probe: for TP53 deletion in
conjunction with somatic variant testing to iden-
tify multi-hit TP53 lesions which define their own
category of MDS with biallelic TP53 inactivation
in WHO2022 or MDS with mutated 7P53 in
1CC2022.%>*

e) 20q probe: for 20q deletions

m The Revised International Prognostic Scoring Sys-

tem (IPSS-R) also includes -Y, 11qg-, 12p-, +19, and

inv(3)/t(3;3) based on karyotypic findings. In the

case of a suggestive but inadequate karyotype, lab-

oratories may consider confirmatory testing for these

abnormalities by FISH analysis.””””

- The WHO and ICC classifications of myeloid neoplasms
indicates that the presence of trisomy 8, 20q deletion, or
-Y is not considered to be MDS defining in the absence
of morphologic features of MDS.” However, loss of
the Y chromosome (LOY) in >75% of bone marrow
cells has been reported to be associated with an
increased likelihood of molecular aberrations in genes
commonly seen to be altered in myeloid neoplasia and
with morphological features of MDS. This argues that

>75% LOY in bone marrow may be considered an
MDS-associated cytogenetic abnormality.”> Some lab-
oratories may opt to use trisomy 8 and 20q deletion
probes for detecting and monitoring the abnormal clone
because these abnormalities (in particular trisomy 8) are
relatively common. In addition, these abnormalities are
no longer defining for AML, myelodysplasia related.”

- CMA has been shown to be an extremely useful diag-
nostic tool for the workup of patients with MDS,
BCR::ABLI fusion-negative MPN, and MDS/MPN,
along with chromosome analysis, FISH, and variant
analysis. In these myeloid neoplastic disorders, clonal
CNAs and CN-LOH are the most common chromo-
somal abnormalities, whereas balanced structural ab-
normalities do not play a major role.”> CN-LOH
spanning TP53 in conjunction with a TP53 variant
would fulfill diagnostic criteria in the correct pathologic
setting for MDS with biallelic TP53 inactivation or
MDS with mutated TP53.”” In MDS, CMA is recom-
mended in case of an incomplete or unsuccessful G-
banded chromosome analysis, as well as in patients
with a normal karyotype or with uncertain IPSS-R cy-
togenetic risk-scores to achieve accurate risk stratifi-
cation. CMA can uncover clinically significant clonal
CNAs and/or CN-LOH in these situations.”

- Baseline FISH analysis for clonal stemline abnormalities
(based on chromosome analysis and CMA findings)
should always be considered to identify an informative
probe (previously validated in the laboratory) for future
monitoring of measurable residual disease.

- Establishing a diagnosis of MDS is often challenging in
the absence of clear evidence for morphologic dysplastic
changes or MDS-specific cytogenetic abnormalities. A
large amount of data has become available on recurring
somatic clonal SNVs in MDS, and the identification of a
variant in SF3B1 now defines a subcategory of MDS, in
addition to the categories associated specifically with
TP53 lesions.”” NGS can detect variants in 90% of
MDS patients.””® However, clonal hematopoiesis of
indeterminate potential (CHIP) has been defined as so-
matic clonal SNVs in myeloid neoplasm driver genes
(also recurrently mutated in MDS) detected in the blood
or bone marrow at a variant allele fraction of >2% in
patients lacking a myeloid neoplasm or unexplained
cytopenia.”” Thus, the presence of MDS-associated so-
matic clonal SNVs alone is not considered diagnostic of
MDS in the WHO classification of myeloid neoplasms.”
In addition, clonal CN-LOH spanning known myeloid
neoplasm-associated genes can also reveal clonal he-
matopoiesis and warrants a more rigorous follow-up
schedule for these patients aimed at the early detection
of a myelodysplastic disease.’’

6.5.4.3 Myeloproliferative neoplasms and myelodysplastic/
myeloproliferative neoplasms

This is a heterogeneous group of clonal stem cell disorders
that is broadly divided into 2 groups.” The first is the MPN
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group, which includes CML, polycythemia vera, essential
thrombocythemia, primary myelofibrosis, chronic neutro-
philic leukemia, chronic eosinophilic leukemia, juvenile
myelomonocytic leukemia (WHO2022), and MPN not
otherwise specified (also called MPN unclassifiable in
ICC2022). The second group is the MDS/MPN group,
which includes chronic myelomonocytic leukemia, clonal
cytopenia with monocytosis of undetermined significance
(ICC2022), clonal monocytosis of undetermined signifi-
cance (ICC2022), MDS/MPN with neutrophilia (also called
atypical CML in ICC2022), MDS/MPN with SF3B] variant
and thrombocytosis, MDS/MPN with ring sideroblasts and
thrombocytosis not otherwise specified (ICC2022), and
MDS/MPN not otherwise specified (also called MDS/MPN
unclassifiable in ICC2022).

1. CML

- Bone marrow or peripheral blood is adequate to
establish the diagnosis of CML. However, bone
marrow is required at the time of diagnosis to assess
for accelerated phase (ICC2022, or high-risk chronic
phase in WHO2022) or blast phase disease that
might not be present in the peripheral blood.
Therefore, G-banded chromosome analysis on the
bone marrow is recommended in situations where
the bone marrow specimen is available.

- The t(9;22)(q34;q11.2) is detectable in 90% to 95%
of CML cases at diagnosis. The remaining 5% to
10% of cases have either a variant t(9;22) or a
cryptic BCR::ABLI fusion undetectable by G-
banded chromosome analysis.

- The NCCN CML Guidelines recommend that both
G-banded chromosome analysis and quantitative
RT-PCR for BCR::ABLI fusion testing be per-
formed at diagnosis. If no BCR::ABLI fusion can be
detected, molecular testing for variants associated
with other myeloproliferative conditions is indicated
(NCCN CML Guidelines).

- It is important to assess whether additional chro-
mosome abnormalities are present at diagnosis,
including an additional der(22)t(9;22), trisomy 8,
i(17q), trisomy 19, complex karyotype, and abnor-
malities of 3q26.2. The presence of any one of these
abnormalities is indicative of  progressive
disease.”"7%”

- FISH for BCR::ABLI fusion can be performed if
G-banded chromosome analysis is not possible and
for monitoring atypical BCR breakpoints resulting in
the inability to detect the fusion by RT-PCR (NCCN
CML Guidelines) (Figure 2).

2. Other MPNs and MDS/MPNs

- Bone marrow is the preferred specimen for other
MPNs; however, peripheral blood may be used if
there is peripheral involvement. With few excep-
tions, cytogenetic abnormalities are usually not
specific in other MPNs or MDS/MPNs. Typical

abnormalities of myeloid neoplasms are usually
observed and can be useful in demonstrating evi-
dence of clonality.

- G-banded chromosome analysis should preferably
be performed first.

- The exclusion of BCR::ABLI fusion is required for
the diagnosis of other MPNs and MDS/MPNs from
CML (NCCN MPN Guidelines).*’

- Interphase FISH analysis performed on bone
marrow smears or core biopsy touch imprints is an
alternative in cases with a dry tap and/or hemodi-
luted bone marrow aspirate. A close collaboration
with the oncologist and pathologist is important for
the choice of FISH probes but the workup should
include the exclusion of the BCR::ABLI fusion
(Figure 2).

- In BCR::ABLI fusion-negative MPNs, CMA may be
helpful as a reflex to normal or failed chromosome
analysis.”

- Molecular testing for variants associated with other
myeloproliferative conditions is required for the
diagnosis of MPNs and MDS/MPNs (NCCN MPN
Guidelines).*”

6.5.4.4 Myeloid/lymphoid neoplasms with eosinophilia

- Bone marrow is the preferred specimen for myeloid/
lymphoid neoplasms with eosinophilia; however, pe-
ripheral blood may be used if there is involvement of
the latter.

- G-banded chromosome analysis and FISH should both
be performed in cases with high pathologic and clinical
suspicion for one of these entities. Targeted NGS
technologies aimed at detection of gene fusions may be
considered as well.

- Specific FISH probes that detect FIPILI::PDFGRA
fusion (cryptic by chromosome analysis and typically
detected by evaluation for CHIC2 deletion by FISH),
PDGFRB rearrangement, FGFRI rearrangement, JAK2
rearrangement, and ETV6::ABLI fusion are recom-
mended (NCCN Myeloid/Lymphoid Neoplasms with
Eosinophilia and Tyrosine Kinase Fusion Genes
Guidelines) (Figure 2).” Cases with these gene rear-
rangements may be targetable by specific therapies (ie,
tyrosine kinase inhibitors).*”%%*

- Rarely, other kinase gene fusions have been identified
that appear to behave similarly to the more common
kinase fusions and may be targetable as well (eg, FLT3,
FGFR2, and LYN). Where probes are available and
validated by the laboratory, confirmatory FISH studies
are recommended (NCCN Myeloid/Lymphoid Neo-
plasms with Eosinophilia and Tyrosine Kinase Fusion
Genes Guidelines).®

6.5.4.5 PCNs
- A bone marrow specimen is required for PCNs. For FISH
and/or CMA analyses, CD138+ enriched samples are
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strongly recommended for optimized yield (see Section
6.4.2.3 for optimal processing of bone marrow specimens
for PCN workup) (NCCN MM Guidelines).' '
G-banded chromosome analysis may be performed (as
described above). However, unless it is utilized to
demonstrate a complex karyotype and thus inform the
aggressive nature of the dividing plasma cells, it is not
required for risk stratification.’” If there is a concern for
another hematologic malignancy, such as a myeloid
neoplasm, a chromosome analysis may be warranted.

Appropriate risk stratification is best achieved using the

following panel of FISH probes in the following order

of priority (Figure 2):

a) IGH rearrangement probes: if IGH is rearranged,
including the classical gene disruption, as well as
deletion of either the 5" or 3’ region of /GH, then
reflex to the following dual-fusion probes:
IGH::FGFR3 and IGH::NSD2 [t(4;14)(p16;q32)],
IGH::CCND1  [t(11;14)(q13;932)], [IGH::MAF
[t(14;16)(q32:;923)], and IGH::MAFB
[t(14;20)(q32;q12)], with optional inclusion of
IGH::CCND3 [t(6;14)(p21;932)].*°

b) 1q21.3 probe (including the CKSIB gene region) for
1921 copy gain and 1p32.3 probe (including the
CDKN2C gene region) for 1p32 deletion, both of
which have been linked to adverse prognosis
(NCCN MM Guidelines).”””"

c) TP53 (17p13.1) probe: monoallelic deletions may
need to be followed with TP53 sequencing as bi-
allelic alterations are associated with poor outcome
(NCCN MM Guidelines).””

d) Probes for 3 or more of the odd-numbered chro-
mosomes that are often trisomic in hyperdiploid
PCN (eg, chromosomes 5, 7, 9, 11, 15, and 19).
These probes can also detect hyperhaploidy, char-
acterized by odd-numbered chromosomes being
disomic and the other chromosomes being mono-
somic,”” a PCN entity that has been reported to be
associated with high-risk abnormalities (eg, TP53
variant) and a poor prognosis.’*’°

e) 13ql14.2q14.3 probes (including RBI): 13q14.2q14.3
deletion is common in PCN, but when detected only
by FISH, is not predictive of survival in the absence
of other adverse chromosomal abnormalities. It is
worth noting that 13q deletion detected by G-banded
chromosome analysis still retains its prognostic value
(NCCN MM Guidelines).

Of note, laboratories may choose to include a MYC
probe to the above panel, as MYC rearrangements are
associated with high disease burden and represent an
independent adverse factor in patients with newly
diagnosed PCN (Figure 2).*®"’ Furthermore, MYC
rearrangements are present in 40% of PCN and can
contribute to the progression of MM."®

The use of CMA analysis, particularly in combination

with FISH, on the enriched plasma cell fraction has been

shown to be valuable in detecting clinically relevant

CNAs and can be used to detect chromothripsis.””

The increase in genomic instability leading to chromo-
thripsis is a common feature of PCN and its detection
using CMA may inform more accurate risk pre-
dictions.” In addition to hyperdiploidy of odd-
numbered chromosomes and gain of 1q, several nu-
merical aberrations involving other chromosomes have
been described in PCN."”

6.5.4.6 CLL

- CLL is a mature B cell neoplasm diagnosed by ab-
normalities in B cell count, morphology, and flow
cytometry. The evaluation of del(11q), del(13q),
del(17p), trisomy 12, and 7P53 and IGHYV variant status
are essential for the prognosis prediction at the time of
diagnosis of CLL." Cytogenetically, either peripheral
blood or bone marrow can be used for the workup of
this disease. G-banded chromosome analysis using both
unstimulated and CpG-oligonucleotides stimulated
cultures should be performed simultaneously with
interphase FISH analysis.”* CpG-oligonucleotides
stimulation greatly improves the detection rate of
clonal cytogenetic abnormalities by G-banded chro-
mosome analysis.'™'” IL-2 or a combination of other
conventional B cell stimulants may be added for
optimal results.'®'"*>% A complex karyotype with >3
unrelated chromosomal abnormalities in CpG stimu-
lated culture is a strong predictor of poor clinical
outcome (NCCN CLL/SLL Guidelines); however, a
complex karyotype with >5 unrelated chromosomal
abnormalities may be a better predictor for the stratifi-
cation of very high-risk patients.” G-banded chromo-
some analysis using unstimulated culture allows for the
detection of independent clonal abnormalities in cases
with concurrent hematologic malignancies, for
example, de novo or therapy-related MDS.

- To assign the patient into clinically relevant prognostic
subgroups, the following panel of FISH probes is rec-
ommended (NCCN CLL/SLL Guidelines) (Figure 2):
a) ATM (11g22.3) probe
b) Centromeric probe for chromosome 12 for trisomy

12
¢) 13q14.3 (including D13S319) probe
d) TP53 (17p13.1) probe

- In addition, FISH using the IGH::CCNDI fusion
probes may be considered in all cases, especially those
with an atypical immunophenotype (ie, CD23 dim or
negative, CD20 bright, surface immunoglobulin
bright) to differentiate them from mantle cell lym-
phoma (MCL) (NCCN CLL/SLL Guidelines)
(Figure 2).

- In CLL, CMA analysis has proven to be effective in
detecting CNAs and CN-LOH of genomic regions with
established prognostic significance and provides a
much higher resolution compared with G-banded
chromosome and FISH analyses.z(”m’xx Moreover,
clinically relevant genomic alterations in CLL involve
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Table 1  The typical cytogenetic findings in key types of lymphomas

Reference,
Tumor Chromosomal Aberrations Clinical Significance Publication Year
B CELL

Burkitt lymphoma

High grade B cell lymphoma with 11q
aberrations (WH02022)/Large B cell
lymphoma with 11q aberration
(ICC2022)

Diffuse large B cell lymphoma and
high-grade B cell lymphoma with MYC
and B(L2 rearrangements

Follicular lymphoma, including
pediatric-type follicular lymphoma and

t(8;14)(q24;932)
[IGH::MY(]

t(2;8)(p12;q24) [IGK::MY(]

t(8;22)(q24;q11.2)
[IGL::MY(]

Complex aberrations of
11q with a minimal gain
of 11g23.3 and minimal
loss of 11q24.1qter

Gene rearrangements:

3q27 [BCL6], 8q24 [MYC],
18q21 [BCL2], 1p22

Characteristic MYC
overexpression, and
variant translocations

Identification of these
disease-defining aberrations
requires CMA analysis

High prevalence of BCL6
rearrangements in this entity
Unfavorable MYC translocations

[BCL10] with TP53 variants or as part of
double-hit lymphomas with BCL2
rearrangements

t(14;18)(g32;921) Characteristic BCL2

[IGH::BCL2] overexpression, and

follicular large B cell lymphoma (WH02022)/ t(2;18)(p12;q21)

Large B cell lymphoma
with IRF4 rearrangement (ICC2022)

Mantle cell lymphoma

Splenic marginal zone lymphoma

variant translocations

[IGK::BCL2] IRF4 rearrangements and
t(18;22)(g21;q11.2) TNFRSF14 loss or CN-LOH should
[IGL::BCL2] be examined in BCL2-negative
Other gene cases in the correct histologic

rearrangements: and clinical setting

3q27 [BCL6], 8q24 [MYC],
6p25 [IRF4]

Other genomic findings:

Loss or CN-LOH of 1p36

[TNFRSF14]
t(11;14)(q13;932)
[IGH::CCND1]
t(2;11)(p11;q13)
[IGK::CCND1]
t(11;22)(q13;q11)
[IGL::CCND1]
t(12;22)(p13;q921)
[IGL::CCND2]
t(2;12)(p12;p13)
[IGK::CCND2]
t(12;14)(p13;432)
[IGH::CCND2]
t(6;14)(p21;932)
[IGH::CCND3]

Characteristic CCND1, CCND2,
or CCND3 overexpression

Complex karyotypes and loss of
TP53 associated with unfavorable
prognosis

Other gene rearrangements:
8q24 [MY(], 3927 [BCL6]
Other genomic findings:
Loss of 17p13 [TP53]
Deletion 7q del(7q) is the most common
structural variant in this

entity and is highly specific

Saleh et al,®° 2020

Salaverria et al,*°

2014

Rosenthal et al,*
2017
Slack et al,’ 2011,
Schuetz et al,”*
2012,
Zhou et al,”* 2014
Mozas et al,”® 2021
Bastard et al,’®
1994,
Bosga-Bouwer
et al,”” 2005,
Louissaint et al,’®
2016,
Gango et al,”® 2018

Michaux et al,*®

2004,
Gesk et al,*°* 2006,
Wlodarska et al,**?
2008,
Navarro et a
2020

1
L 03

Mateo et al,'%

1999,

Solé et al,**® 2001,

Salido et al,*®
2010,

Rinaldi et al,*®’
2011

(continued)
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Table 1 Continued

Reference,

Clinical Significance Publication Year

Tumor Chromosomal Aberrations
Extranodal marginal zone lymphoma of t(11;18)(q21;921)
mucosa-associated lymphoid tissue [BIRC3::MALT1]
(MALT lymphoma) t(14;18)(g32;q921)

[IGH::MALT1]
t(3;14)(p14;q932)
[IGH::FOXP1]

Characteristic overexpression of the Maes et al,**® 2000,
immunoglobulin partner or MALTI ~ Streubel et al,*%
associated with specific sites of 2003,
disease and autoimmune or Zhou et al,"*° 2006,
infectious etiologies Zhou et al,*** 2007

t(1;14)(p22;932)
[IGH::BCL10]
ALK-positive large B cell lymphoma t(2;17)(p23;q23) Characteristic ALK overexpression Stachurski et al,**?
[ALK::CLTC] 2007,
Other gene rearrangements: Zhang et al,**?
2p23 [ALK, various partners] 2009
T CELL
ALK-positive, anaplastic large cell t(2;5)(p23;935) Characteristic ALK overexpression Savage et al,***

lymphoma (ALCL) [NPM1::ALK]

Other gene rearrangements:

(cellular localization dependent 2008,
upon the translocation partner) Schmitz et al,'"”

2p23 [ALK, various partners] 2010,

ALK-negative, ALCL

inv(3)(q26q28)

[TP63::TBL1XR1]
Other gene rearrangements:
19p13 [VAV1, TYKZ], 6q22

[ROS1]

Peripheral T cell lymphoma, not otherwise
specified or Nodal T-follicular helper (TFH)
cell lymphoma, angioimmunoblastic
type (WH02022)/Follicular helper T cell

variants]

t(6;7)(p25.3;932.2)
[DUSP22::FRA7H]

t(14;19)(q11;q13) [TCRA/D

t(5;9)(g33;922) [ITK::SYK]
2q33.2 tandem duplication

Abate et al,""® 2015
High prevalence in primary cutaneous Feldman et al,'"’
ALCL; DUSP22 rearrangements 2011,
associated with good prognosis, Vasmatzis et al,**®
whereas TP63 with adverse prognosis 2012,
Parrilla Castellar
et al,'"® 2014,
Crescenzo et al,’*°
2015,
Boddicker et al,"**
2016
Kataoka et al,*?
2015,
Yoo et al,'* 2016

lymphoma, angioimmunoblastic type
(1CC2022)

T-prolymphocytic leukemia
(WH02022)/T cell prolymphocytic leukemia
(ICC2022)

[CTLA4::CD28 or
IC0S::(D28]
inv(14)(q11;932.1)
[TRA/D:: TCL1A/B]
t(14;14)(q11;932.1)
[TRA/D:: TCL1A/B]
t(X;14)(q28;q11)
[TRA/D:: MTCP1]

Characteristic TCL1 overexpression
Characteristic MTCP1 overexpression

Staber et al,**
2019,

Colon Ramos
et al,'?® 2021

Hepatosplenic T cell lymphoma iso(7q)

Characteristic finding in this diagnosis Pro et al,'*® 2020

ALCL, Anaplastic large cell lymphoma; CMA, chromosomal microarray analysis; TFH, T-follicular helper.

mostly genomic gains and losses, with balanced rear-
rangements being less common and currently of un-
certain prognostic value. DNA from fresh CLL samples
is generally available, and the tumor burden tends to be
relatively high in peripheral blood, which makes CLL
particularly amenable to the detection of CNAs by
CMA. In instances where FISH and CMA data are
discrepant, CMA analysis can further refine deletion
breakpoints and determine the clinical relevance of
atypical deletions. CMA analysis can detect increased
genomic complexity, which is an independent marker

of aggressive CLL and poor outcome and can identify
patients at risk for Richter transformation.”®

6.5.4.7 B and T cell lymphomas
- G-banded chromosome analysis is recommended for all

involved fresh tissues:

m A preferred tissue is a lymph node or biopsy material
from a suspected lymphoid mass.

m Mitogen stimulation may be required for involved
bone marrow or peripheral blood specimens of low-
grade lymphomas.
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- Interphase FISH analysis using relevant probes should be
performed on lymphoid tissue sections, fine needle or bone
marrow aspirate smears, and/or touch imprints. Metaphase
FISH analysis can also be performed as needed.

- Lymphomas are a vast and diverse set of hematopoietic
neoplasms, encompassing a wide range of cytogenetic
aberrations. Although the lymphomas may harbor
numerous chromosome rearrangements, including
CNAs, many are non-specific. These cytogenetic al-
terations are usually identified only by CMA or G-
banded chromosome analysis, methods that are infre-
quently applied at some institutions in the standard
workup of lymphomas. For the typical cytogenetic
findings in key types of lymphomas, please see Table 1.
Of note, this table is not meant to be comprehensive,
but it only serves to highlight the more commonly
tested or diagnostically relevant translocations and
CNAs. Wherever appropriate, a comparison between
the WHO2022 and ICC2022 classifications was
included in Table 1.

m The most common studies performed in B cell lym-
phomas are FISH evaluation for double and triple hit
lymphomas, specifically for MYC, BCL2, and BCL6
gene rearrangements. These probes can be performed
as a panel or through reflex testing beginning with
MYC. Some MYC rearrangements may be missed
using only break-apart probes; therefore, additional
testing using IGH::MYC dual-fusion probes may be
indicated (see Section 6.5.2.5).'%

m For high-grade B cell lymphoma with 11q aberra-
tions (WHO2022)/large B cell lymphoma with 11q
aberration (ICC2022), the 11q aberrations are typi-
cally identified only by CMA.

m NGS methods for either copy-number assessment or
translocation identification (either RNA or DNA
based) are not within the scope of this document.
However, they can identify additional copy-number
and structural alterations beyond those listed here.

6.6. TAT and reporting

6.6.1. TAT

6.6.1.1 Specific chromosomal abnormalities are crucial for
establishing a diagnosis and have direct relevance to specific
treatment. Therefore, an effort should be made to expedite
communicating the cytogenetic results to the oncologist. It is
recommended that the cytogenetics laboratory have a written
policy describing how cases are prioritized.

6.6.1.2 TAT guidance:

a. Initial diagnostic workup: it is strongly recommended
that the preliminary G-banded chromosome analysis
result be reported within 7 calendar days or less, and
the final result be reported within 21 calendar days.

b. Follow-up studies: It is strongly recommended that the
final G-banded chromosome analysis result be re-
ported within 21 calendar days.

c. FISH studies: Reporting the FISH results within 3 to 5
working days from the time of receiving the specimen
is recommended whenever possible.

d. CMA studies: TAT should be optimized based on the
clinical indication for CMA analysis and the hemato-
logic neoplasm being studied.'***~’

6.6.2. Reporting

6.6.2.1 The most recent edition of the International Sys-
tem for Human Cytogenomic Nomenclature (ISCN) should
be used to report the cytogenetics results.' >

6.6.2.2 The number of cells analyzed (both normal and
abnormal) should be documented in the final report, when
applicable.

6.6.2.3 For CMA analysis, clones and subclones cannot
be ascertained with certainty; however, the percentage of
cells (levels of mosaicism) can be provided (within the
sensitivity limits of the microarray) to give an estimate of
possible clones/subclones and clonal diversity.

6.6.2.4 If a potential non-mosaic constitutional abnor-
mality is observed in oncology workups, analysis of a
phytohemagglutinin-stimulated peripheral blood sample
during remission is strongly recommended to confirm that
the abnormality is constitutional and not clonal.

6.6.2.5 At the time of initial diagnosis, finding a single
abnormal metaphase cell, even one that is potentially sig-
nificant, cannot be used as evidence of clonality unless there
is strong supporting evidence of clonality for the same ab-
normality by either FISH or other molecular technique.

6.6.2.6 The final cytogenetic report of hematologic ac-
quired chromosomal abnormalities should contain the
following information:

1. Patient identification using 2 different identifiers
2. Patient medical record number and/or laboratory
identification number

. Referring physician

. Address of the testing institution

5. Sample information (type, date of withdrawal and
receipt, and date of report)

6. Reason for referral or suspected diagnosis

. ISCN nomenclature of cytogenetic studies performed

8. Narrative description of the abnormalities observed,
including modal chromosome number in each clone
(to the extent possible), and numerical and structural
abnormalities. The report should comment on the
clinical significance of the abnormalities observed,
including clinically relevant genes involved, possible
disease association, and prognostic significance.

9. When applicable, literature references to support the
clinical interpretation and to provide helpful informa-
tion for the referring physician.

B~ W
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also guide clinical patient care. Gross and submicroscopic = -
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oncogenic drivers in solid tumors and are also important E g c
clinical markers informing diagnosis and risk stratification tsoe
and guiding treatment selection.* Cytogenomic studies § %g %
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mosome analysis, fluorescence in situ hybridization (FISH), £Z2 2= e 223oF
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Quality Assurance Committee and the ACMG Board of “Elg @ t § Jg:g s S: 2 <8
Directors. The final document was approved for publi- 2|82 2¢ é K 5%’5 a% EF
cation by the ACMG Board of Directors. S8l &8 a8 =E<88n
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6.9. General Considerations

6.9.1 Cytogenomic analysis of solid tumors is per-
formed to detect and characterize chromosome alterations
to support clinical care. This analysis may provide critical
information for diagnosis, prognostication, and selection
of therapy.'® Cytogenomic studies of tumor tissues may
be accomplished by G-banded chromosome analysis,
FISH, CMA, OGM, sequencing, or a combination of these
methodologies.

6.9.2 Study of tumor tissues will be influenced by several
variables, including the amount of available tissue, whether
the tissue is fresh, frozen, or fixed, the working differential
diagnosis, and the available methods for testing.

6.9.3 The laboratory director and staff should be familiar
with the recurrent cytogenetic and molecular aberrations
associated with tumor types/subtypes and their clinical sig-
nificance. Supplemental Tables 1 to 4 include clinically
significant solid tumor chromosomal aberrations with
known genes, clinical significance, and references.

6.9.4 Tumor processing, analytical variables, and turn-
around time (TAT) should be determined by the laboratory
based on the reason for referral, the sample(s) received, and the
clinical application of the results (eg, selection of therapy). It is
recommended that laboratories work with the oncologist and
pathologist where possible to determine the method(s) to
ascertain the clinically relevant genetic information, and the
appropriate test utilization in the context of the patient’s care.

6.9.5 The clinical significance of cytogenomic results
must be interpreted within the context of the patient’s
pathologic and clinical findings. The presence of specific
alterations or pertinent negative results should be commu-
nicated to the patient’s care team as soon as feasible to
contribute to timely clinical management.

6.9.6 A quality management plan spanning the pre-
analytic, analytic, and post-analytic phases of testing is
required. Specific metrics may include tracking of speci-
mens and results, TAT, assay-specific metrics such as cul-
ture or hybridization failure rate, and correlation of results
from different testing methods.

6.9.7 Cytogenomic studies may reveal germline and/or
secondary findings. It is recommended that laboratories refer
to their policies and procedures to address these situations.

6.10. Sample Collection and Processing
6.10.1. Sample collection

6.10.1.1 Sample collection and preparation are critical to
the success of any assay. For example, G-banded chromo-
some analysis requires that fresh tissue be collected in a
sterile manner. Other cytogenetic assays such as FISH or
CMA may be successful with formalin-fixed paraffin-
embedded (FFPE) tissue preparation which allows for
optimal histopathologic evaluation. Frozen tissue may also

be a viable option, particularly for bony specimens that are
often decalcified in conventional pathology workflows and
may have nucleic acid degradation. Evaluation of frozen
tissue by a pathologist can be done by frozen section. For
DNA or RNA based assays, nucleic acid isolation from
fresh, frozen or FFPE tissue is preferred over cultured cells
to avoid cultural artifacts.

6.10.1.2 Review of the tissue by a pathologist is rec-
ommended to identify and mark optimal areas of tumor for
testing, specify the percentage of tumor in an area, and/or
identify areas of necrosis or stromal tissue to avoid. In
addition, evaluation of tumor cellularity in the selected
sample is an important pre-analytic quality indicator that
may subsequently influence analytic algorithms and clinical
interpretation.

6.10.1.3 For G-banded chromosome studies, the labora-
tory should request a sample size of at least 0.5 to 1 cm” to be
processed for cell cultures or other genomic assays. In cases
with limited tissue (<0.5 cm?), the laboratory may attempt to
acquire as much as can be provided without compromising
the histopathologic evaluation of the tumor. If the sample size
precludes cell culture and G-banded chromosome evaluation,
touch imprint preparations (TPs), cytospin preparations, or
paraffin-embedded tissue sections may be used for FISH
analysis and/or nucleic acid isolation for CMA or sequencing
analysis. Because G-banded analysis is a technique that is
established and available in clinical cytogenetic laboratories
across the world, procuring viable tissue to culture tumor
cells may be crucial for diagnosis. Depending on specimen
size and availability of fresh tissue, short-term cultures may
be initiated for G-banded chromosome analysis, which may
lead, in some instances, to the detection of clinically relevant
chromosomal abnormalities, therefore establishing the final
diagnosis and avoiding additional testing. Examples include
the detection of t(X;17)(p11.2;q35) in renal cell carcinoma
with microphthalmia transcription factor translocation or
t(12;15)(p13;q26.1) in congenital mesoblastic nephroma.””

6.10.1.4 Fresh tumor should be transported to the labo-
ratory as soon as possible for immediate processing,
including tissue culture for G-banded chromosome analysis,
creating TPs for FISH analysis.

6.10.1.5 The fresh tumor sample is inspected, and details
of the sample size, color, and other descriptive attributes are
recorded.

6.10.1.6 Triage of the tumor sample as soon as possible is
recommended to optimize a successful result from testing.
Determining which cytogenomic methods will be used
should be based upon the information contained in the
requisition (including clinical information), laboratory pol-
icies, and the goals of testing.

6.10.2. Sample processing for fresh tissue culture

6.10.2.1 For tissue cultures, treatment with antibiotic-
and/or antifungal-containing media may be warranted,
particularly for tissues from a body region with high con-
centrations of bacteria (eg, tonsils and gut).
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6.10.2.2 Disaggregation of solid tumor samples for tissue
culture is required. Either mechanical and/or enzymatic
methods may be used. For some tumor types, different
growth characteristics can be seen with exposure vs no
exposure to collagenase. If sufficient material is available,
cultures should be initiated with and without enzyme
exposure to address potential growth challenges.

6.10.2.3 Culture methods, culture medium, and culture
conditions are chosen to best support cell growth in the type
of tumor received. The diagnosis and histopathology of a
tumor can be helpful in determining culture and harvest
methods. Different cell types can be expected to respond
differently to growth medium, harvest method, etc
(Supplemental Table 5). If the diagnosis is unknown at the
time of culture initiation, it can be helpful to know whether
the pathologist would classify the tumor as a “small round
cell tumor” (SRCT). SRCTs can be successfully grown in
suspension, whereas non-SRCTs are best grown with
monolayer culture methods (flask or coverslip), in situ
coverslip cultures are recommended. Most SRCTs will also
grow in monolayer culture. If adequate tissue is obtained,
both culture types should be initiated for SRCTs, with
duplicate cultures established whenever possible. Short
culture durations are preferred to capture early dividing tu-
mor cells and to avoid growth of normal tissues. It is rec-
ommended that monolayer cultures not extend longer than 3
to 7 days due to overgrowth of normal cells. Direct or
overnight suspension cultures may also be used in
conjunction with longer-term cultures to capture actively
dividing tumor cells.

6.10.2.4 Experience with solid tumor culture will provide
the laboratory with information regarding optimal growth
conditions and harvest methods for different tumor types
within each laboratory.

a) It is recommended that each laboratory maintain a
database documenting how the different tumor types
have grown, and which culture and harvest conditions
yielded abnormal clones. This database can be used to
optimize processing and harvesting methods.

b) Frequent (daily) observation of cells in culture is
needed to determine cell growth rate and time to
harvest. Time of harvest can be determined by labo-
ratory policy and at the discretion of the technologists
and laboratory directors based on the sample and
differential diagnosis.

¢) Conditions used for cell harvest will vary among tis-
sue types, eg, type of mitotic inhibitor, concentration,
and duration of exposure, and should be established
by each laboratory.

6.11. Analytical methods

6.11.1. Conventional G-banded chromosome analysis

G-banded analysis of metaphase chromosomes from solid
tumor specimens provides a comprehensive view of the
entire genome at a single-cell level, albeit at a low

resolution. Moreover, it allows the detection of chromo-
somal aberrations that may inform a specific diagnosis and
potentially provide prognostic and therapeutic information,
especially when the tumor type is unknown. Single-cell
analysis also provides information about clonal heteroge-
neity and co-occurrence of genomic abnormalities in
different clones.

6.11.1.1 Cell selection: Analysis of metaphase chromo-
somes ideally includes cells with both good and poor
chromosome morphology when attempting to identify an
abnormal clone. Once identified, clonal cells are karyotyped
and imaged to provide the most accurate breakpoint
assignments.

Cells that cannot be completely analyzed because of poor
morphology should be scanned for obvious structurally
abnormal chromosomes and abnormal chromosome counts.
If feasible, metaphase FISH analysis from previous G-
banded slides may further assist in resolving structural
abnormalities.

Clonal abnormalities should be documented from 2
independent cultures, if possible, to ensure that in vitro
culture artifacts are not mistakenly identified as a clinically
significant abnormality. If only normal results are obtained
from long-term in situ cultures, caution should be exercised,
and the report should include a note that the negative
results may be derived from the outgrowth of normal stro-
mal cells.

6.11.1.2 Analytic standards

a) Analysis
i) Analyze 20 metaphase cells and/or a sufficient
number of cells to characterize all abnormal
clones and subclones.

ii) If all cells show a complex karyotype, analyze at
least 10 cells.

iii) For a recurrent or metastatic sample, additional
cells may be scored for a specific abnormality that
was identified in the primary diagnostic sample.
(1) In addition to looking for the known clonal

aberration(s) from the diagnostic study, anal-
ysis of a sample after therapy is performed
with awareness of the possibility of new ab-
errations signifying clonal evolution and/or
the appearance of a new clonal process.

(2) FISH analysis may be considered in lieu of G-
banded chromosomal analysis for diagnoses
characterized by an abnormality for which
FISH testing is available.

b) Documentation

i) For abnormal cells:

(1) Ifonly 1 abnormal clone is present: 2 karyotypes.

(2) If more than 1 related abnormal clone is pre-
sent: 2 karyotypes of the stemline and 1 of
each sideline.

(3) If unrelated clones are present: 2 karyotypes
for each stemline and 1 for each associated
pertinent sideline.
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ii) For normal cells:
(1) If only normal cells are present: 2 karyotypes.
(2) If normal and abnormal cells are present: one
karyotype of a normal cell plus karyotypes for
abnormal clone(s) as described above.

6.11.2. FISH analysis
6.11.2.1 FISH analysis may be used for primary, sup-
plementary, or follow-up evaluation.

a) As a primary method for tumor evaluation, FISH is
useful when (1) fresh tumor tissue is not available, (2)
rapid diagnostic information is needed to narrow the
differential diagnosis or planning of therapy, and (3)
gene amplification or rearrangement for diagnostic or
prognostic and/or therapeutic purposes is to be
determined.

b) FISH may be used as an adjunct to the initial G-banded
chromosome analysis, CMA, OGM, or sequencing, for
example, to (1) confirm a specific molecular event, eg,
gene rearrangement or fusion, (2) assess gene copy
number, and (3) clarify level of clonality. It can also be
added when no metaphase cells are obtained by culture
of tumor material or G-banded chromosome analysis
yields a normal result. Follow-up FISH studies may be
indicated to assess recurrent disease or disease pro-
gression, and/or to differentiate recurrence of a tumor
from a new disease process.

6.11.2.2 Characterization of FISH aberrations and signal
patterns in diagnostic samples are useful for future moni-
toring of disease. Documentation of a unique FISH signal
pattern at diagnosis can help establish a baseline for com-
parison in follow-up testing.

6.11.2.3 Sample types that may be used for FISH include
the following:

a) Paraffin-embedded tissue’

i) FFPE tissue is acceptable for FISH analysis. Tissues
preserved in Bouin’s or B5 fixative, or decalcified
with strong acids are not suitable for FISH.

ii) Tumor sections cut to a validated thickness and
mounted on positively charged organosilane-
coated (silanized) slides work well. The cytoge-
netics laboratory may request several unstained
sections, for potential repeat studies, and 1 he-
matoxylin and eosin (H&E)-stained sequentially
cut section from the submitting laboratory.

iii) Before scoring a paraffin-embedded FISH slide it
is crucial that a pathologist review the H&E-
stained or immunohistochemistry (IHC)-positive
slide to delineate the region of tumor cells to be
scored because it can be difficult to differentiate
normal cells from malignant cells using only 4',6-
diamidino-2-phenylindole ~ counterstain. ~ The
pathologist should make a clear boundary that can
be overlaid onto an unstained slide. If needed, the
technologist may seek clarification on where the

malignant cells of interest are located on the slide
before FISH scoring.
b) Cultured or direct-harvest tumor cells

Such preparations have multiple uses for both interphase
and metaphase FISH evaluation including confirmation and
clarification of suspected chromosome alterations or char-
acterization of an apparently abnormal clone. Metaphase
FISH evaluation may help clarify specific chromosome
rearrangements.

c) TPs
i) A pathologist should be involved in selecting the
tissue for TPs to ensure that the tumor is well
represented.

ii) TPs are helpful when tissue architecture is not
crucial.

iii) TPs can be made by lightly touching the piece of
tumor to a glass slide without smearing, followed
by air drying.

d) Cytospin preparations
Cytospin preparations are useful for concentration of sam-
ples with very low cellularity, eg, cerebrospinal fluid or urine.

e) Fresh-frozen tumor tissues
1) A frozen section performed for histologic evalua-
tion of the sample by a pathologist will ensure that
the tumor is well represented.
ii) Such tissues may also be useful in sequential analysis
of tumors or in evaluation of archived samples.

6.11.2.4 Probe validation, analysis, quality assurance,
and documentation of FISH results should be in accordance
with Section E9 of these Technical Standards for Clinical
Genetics Laboratories.'*"!

6.11.3. CMA

6.11.3.1 CMA can provide valuable information to sup-
plement that of G-banded chromosome and FISH analyses.
In tumors where CNA, instead of gene rearrangements, play
important roles in disease management, for example, neu-
roblastoma, Wilms tumor, and most central nervous system
tumors, CMA may be the primary method for tumor eval-
uation. Isolated tumor DNA hybridized to whole-genome
copy number and/or single-nucleotide polymorphism
microarrays allows detection of loss, gain, and amplification
of regions of DNA, which may not otherwise be detected by
conventional cytogenetic methods. Single-nucleotide poly-
morphism probes allow for detection of regions with copy-
neutral loss of heterozygosity, which may harbor critical
tumor genes.'”

6.11.3.2 Sample types that may be used for CMA anal-
ysis include (1) fresh tumor tissue, (2) FFPE tissue, (3)
frozen tumor, and (4) cultured cells. If clinically indicated,
metaphase preparations of cultured cells from fresh tumor
tissue can assist in resolving unbalanced structural rear-
rangements detected by CMA. It is important to utilize
appropriate CMA methodologies that can accommodate
FFPE tumor tissue samples or fixed cultured cells.”
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a) Fresh tumor tissue

A small piece of identified tumor is transferred to the
laboratory as soon as possible for DNA isolation. During
sampling, in cases of heterogenous tumors with areas of
necrosis, normal tissue or prominent stroma, tumor dissec-
tion is essential to ensure that the extracted DNA is derived
from the tumor tissue.

b) Paraffin-embedded tumor

A pathologist reviews the H&E-stained section of the
tumor to identify an area of high tumor cellularity for DNA
isolation.

c¢) Fresh-frozen tumor

Frozen stored tumor provides high-quality DNA for
CMA. A pathologist’s review of the corresponding H&E-
stained slides from the frozen stored tumor can assure that
the frozen sample contains adequate tumor.

d) Cultured tumor cells

Cultured tumor cells fixed in Carnoy’s fixative may be used
for DNA isolation for CMA. An early decision to use cells for
CMA is best to minimize growth of normal stromal tissue.

6.11.3.3 Analysis and documentation of CMA studies
should be in accordance with Section E10 of these Tech-
nical Standards for Clinical Genetics Laboratories.'”

6.11.4. OGM

6.11.4.1 OGM is a cytogenomic tool that enables a
genome-wide analysis of CNA, balanced rearrangements
(translocations, inversions, and insertions), and complex
rearrangements with higher resolution in a single assay
compared with conventional methods. This method requires
very-high-molecular-weight DNA."

6.11.4.2 Sample types that may be used for OGM anal-
ysis include (1) fresh tumor tissue, (2) frozen tumor, and (3)
cultured cells.

a) Fresh tumor tissue

For homogeneous tumors, fresh tissue is the ideal sample
type and can be procured from surgical pathology for OGM
analysis. The sample (~15 mg tissue) should be immediately
stored at 4 °C to maintain intact cells for very-high-
molecular-weight DNA isolation. For heterogeneous
tumors, tissue can be cut from multiple sites to ensure
representation from different portions of the tumor before
DNA isolation.

b) Fresh-frozen tumor

The fresh-frozen tumor yields high-quality and high-
molecular-weight DNA for OGM analysis. The fresh tu-
mor tissue is transferred to cryovials (~30 mg viable tumor
tissue) and either flash-frozen in liquid nitrogen or trans-
ferred to —80 °C for storage until DNA isolation.

¢) Cultured tumor cells

Tumor cells that have been placed into culture may be
used for isolating high-molecular-weight DNA using at least
1 million cells for OGM analysis. An early decision to use

cells for OGM is best to minimize the growth of normal
tissue components.

6.11.5. Sequencing

6.11.5.1 Sequencing technologies, including Sanger,
NGS, and long-read methodologies, are powerful tools that
can evaluate multiple types of genetic alterations, including
single-nucleotide variants (SNVs), CNA, and rearrange-
ments. RNA sequencing is an efficient method for evalu-
ating gene fusions, whereas DNA sequencing can evaluate
SNVs, CNA, and fusions depending on the assay design.'*
Long-read sequencing, which requires fresh or frozen tissue,
may be used clinically for the identification of large and/or
complex structural rearrangements and methylation status.

6.11.5.2 Fresh, frozen or FFPE tissues are acceptable
sample types for sequencing assays. As discussed above,
FFPE tissues are typically readily available in clinical pa-
thology laboratories and provide a convenient source of
both DNA and RNA. It is important that the assay of choice
be specifically designed to accommodate the shorter frag-
ments and relative damage associated with FFPE tissues,
both in the library preparation steps and within the analytic
pipelines. Tissues preserved in B5 fixative or decalcified are
not suitable for most sequencing chemistries.

Cell-free DNA in body fluids can also serve as a source
of tumor DNA, particularly for inoperative tumors or those
with diffuse growth patterns.

6.11.5.3 Practical considerations: when deciding whether
a sequencing assay is appropriate for evaluating the patient’s
diagnosis, prognosis, or therapeutic options, each of the
following must be assessed:

a) The assay is suitable for the available material (eg,
FFPE).

b) The assay evaluates the alteration type relevant to the
patient’s diagnosis (eg, SNVs, CNA, and/or gene
fusion).

¢) The assay sensitivity is sufficient to obtain a result
given the estimated tumor cellularity. Note that a
single assay may have a different sensitivity for
different alteration types (for example, it may be
highly sensitive for SN'Vs but have a lower sensitivity
for CNA).

d) For targeted panels, take careful note of the assay
design with respect to targeted regions. For example,
some designs do not include all exons of a gene for
evaluation of rearrangements or may exclude un-
translated regions.

e) For RNA panels evaluating fusions, note whether the
assay design allows for the detection of any fusion
associated with a targeted gene (for example, NTRK3
with any gene partner). Alternatively, some RNA panels
may only assess known fusion pairings, for example,
allowing for the detection of the canonical ETV6::NTRK3
fusion, but would not be expected to identify NTRK3
fused to a novel fusion partner. RNA panels also cannot
identify fusions that are not transcribed.
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6.11.5.4 Analysis and documentation should be in
accordance with the Technical Standards for the interpre-
tation and reporting of CNA,'”> SNV,>'>'® and gene fu-
sions'” in cancer.

6.12. TAT and Reporting

6.12.1. TAT

6.12.1.1 TAT should be appropriate for the intended
purpose of the test. The laboratory should have a written
policy for TAT and when to prioritize based on the clinical
application (with respect to each other and with respect to
other sample types) such that the genetic information pro-
vided can be used for appropriate and timely clinical man-
agement. The laboratory will also monitor the TAT for
continuous quality improvement.

6.12.1.2 Because of the multiplicity of tumor types and
the different tumor growth characteristics in culture, TATS
will vary. Ideally, the final report for each tumor is available
as soon as possible given such factors.

6.12.2. Reporting

6.12.2.1 The most recent edition of the International
System for Human Cytogenetic Nomenclature (ISCN) and
Human Genome Variation Society (HGVS) should be used
to report the chromosomal, FISH, CMA, and sequencing
results.'®"”

6.12.2.2 Preliminary verbal reports may be appropriate
for some cases and should be documented appropriately.

6.12.2.3 If an aberration is suspected to be germline,
analysis of uninvolved blood, buccal, or skin/tissue sample
is recommended to clarify the germline vs somatic nature of
the aberration so that genetic counseling may be recom-
mended as appropriate.

6.12.2.4 The final report(s) for tumor samples should
contain the following information:

1) Patient identification using 2 unique identifiers

2) Referring physician name

3) Sample information (type, dates of collection and
receipt, date of report)

4) Reason for referral or suspected diagnosis

5) ISCN or HGVS nomenclature as appropriate

6) Cells analyzed (both normal and abnormal) when
applicable

7) Narrative description of the aberrations observed. The
report should correlate the results of all assays per-
formed on the same tissue. The interpretation will
correlate the genetic testing results with the histopa-
thology report and patient-specific clinical informa-
tion. Discussion can include the clinical significance
of the results for the diagnosis, prognosis, and/or
therapeutic management of the patient with reference
to current literature.

8) References may be included to support the interpre-
tation and to provide helpful information for the health
care professional.
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Supplemental Table 1. Central nervous system tumors with diagnostic or clinically significant chromosome aberrations

Tumor Chromosome aberrations/location Genes involved | Clinical References
significance* | (PMID)
Adult-type diffuse gliomas
Astrocytoma, IDH-mutant Lack of 1p/19q co-deletion D WHO 5th
TP53 deletion, 17p13.1 D WHO 5th
ATRX deletion, Xg21.1 D WHO 5th
CDKN2A and/or CDKN2B homozygous deletion, | CDKN2A/B P WHO 5th
9p21.3
RB1 homozygous deletion, 13q14.2 RB1 P 31996992
CDK4 amplification, 12q14.1 CDK4 P 31996992
MYCN amplification, 2p24.3 MYCN P 31996992
PDGFRA amplification, 4912 PDGFRA P 31996992
Oligodendroglioma, IDH- 1p/199g whole-arm co-deletion D WHO 5th
mutant and 1p/19q co- Homozygous deletion of CDKN2A, 9p21.3 D,P WHO 5th,
deleted 31832685
Polysome 1q and 19p P 19808867,
22710961,
31140557
Glioblastoma, IDH-wildtype | +7/-10 D WHO 5th
EGFR amplification, 7p11.2 EGFR D,P WHO 5th
PDGFRA (4q12), MET (7g31.2), FGFR3 (4p16.3), | PDGFRA, MET, FGFR3, MYC, 3335011,
MYC (8g24.2), CDK4 (12q14.1), CDK6 (7g21.2), | CDK4/6, GLI1, MDM2 24120142
GLI1(12q13.3), MDM_2 (12q15) amplification
Deletion of CDKN2A/B (9p21.3), RB1 (13q14.2), | CDKN2A/B, RB1, PTEN, TP53 24120142
PTEN (10923.3), TP53 (17p13.1)
Gene fusion of EGFR (7p11.2), MET (7g31.2), EGFR, MET, FGFR3, NTRK1/2/3 | WHO 5th
FGFR3 (4p16.3), NTRK1/2/3
(1923.1/9921.3/15925.3)
Pediatric type diffuse low-grade glioma
Diffuse astrocytoma, MYB- | MYB (6923.3) or MYBL1 (8q13.1) altered MYB::PCDHGA1, | D 23583981,
or MYBL1-altered MYB::MMP16, 26810070,
MYB::MAML2, 31563982,
most common 31595312
Angiocentric glioma MYB rearrangement or amplification, 6g23.3 MYB::QKI D WHO 5th,
(majority), 21046410
MYB::PCDHGA1,
MYB::ESR1
Pediatric type diffuse high-grade glioma
Diffuse midline glioma, H3 | TP53 deletion, 17p13.1 TP53 T 31481512
K27-altered
PDGFRA amplification, 4912 PDGFRA 22389665
Diffuse pediatric-type high- | MYCN amplification, 2p24.3 MYCN D,P WHO 5th,
grade glioma, H3-wildtype 28401334
and IDH-wildtype PDGFRA (4q12), EGFR (7p11.2) amplification PDGFRA, EGFR D 28401334
TP53 (17p13.1), NF1 (17g11.2) deletion TP53, NF1 D 28966033




Infant-type hemispheric Fusion of NTRK1/2/3 (1q23.1/921.3/15q25.3), | NTRK1/2/3, D, T WHO 5th
glioma ROS1 (6g22.1), ALK (2p23.2), or MET (7931.2) ROS1, ALK,
or MET
Circumscribed astrocytic gliomas
Pilocytic astrocytoma 7934 duplication KIAA1549::BRAF | D WHO 5th,
18974108,
19016743
BRAF fusions with partners other than BRAF D 29141672
KIAA1549, 7934
FGFR1 fusions (especially FGFR1::TACC1), FGFR1::TACC1 23817572,
8pll.2 31729570
NTRK family fusions NTRK family 23817572,
32082673
NF1 deletion, 17g11.2 NF1 (often D 10931370,
germline) 23222849
High-grade astrocytoma NF1 deletion, 17q11.2 NF1 D WHO 5th
with piloid features KIAA1549::BRAF fusion, 7q34 KIAA1549::BRAF | D WHO 5th
FGFR1::TACC1 fusion, 8p11.2 FGFR1::TACC1 D WHO 5th
CDKN2A/B homozygous deletion, 9p21.3 CDKN2A/B D 29564591
CDK4 amplification, 12q14.1 CDK4 D 29564591
ATRX deletion, Xq21.1 ATRX D 29564591
Pleomorphic Homozygous CDKN2A and/or CDKN2B deletion, | CDKN2A/B D WHO 5th
xanthoastrocytoma 9p21.3
Subependymal giant cell Biallelic inactivation of the TSC1 (9934.1) TSC1, TSC2 D 9403714,
astrocytoma or TSC2 (16p13.3) gene (Tuberous sclerosis), 9007104,
with the second hit frequently observed as 29221145
deletion or loss of heterozygosity
Astroblastoma, MN1- MNI1 fusion, 22q12.1 MN1::BEND2, D WHO 5th,
altered MN1::CXXC5 28960623,
31111274
CDKN2A homozygous deletion, 9p21.3 CDKN2A 28960623,
30876455
Ependymoma
Supratentorial ZFTA fusion, 11q13.1 ZFTA::RELA; D 24553141
ependymoma, ZFTA fusion- most common
positive Secondary CDKN2A homozygous deletion, CDKN2A P 32514758
9p21.3
Supratentorial YAP1 fusion; 11g22.1 YAP1::MAMLD1, | D WHO 5th
ependymoma, YAP1 fusion- most common
positive
Spinal MYCN amplification, 2p24.3 MYCN D,P WHO 5th,
ependymoma, MYCN- 31414211
amplified Secondary loss of chromosome 10, deletion of
chromosome 11q
Spinal ependymoma Loss of chromosome 22q, 22q12.2 NF2 WHO 5th,
(MYCN amplification 35307892

absent)




Posterior Fossa-A Chromosome 1q gain or 6q loss 35307892
ependymoma
Posterior Fossa-B Loss of chromosome 6, 22q and gain of 35307892
ependymoma chromosome 18 (over 50%) and loss of
chromosome 10, 17 and gain of chromosomes
1q, 5 and 8 (under 50%)
Loss of chromosome 13q P
Myxopapillary Loss of chromosomes 1, 10 and 22, gain of 35307892,
ependymoma chromosome 7, concurrent gain or 9 and 18 22516549
Subependymoma Loss of chromosome 6 P 35307892
Loss of chromosome 19 30053291
Meningioma
Meningioma Homozygous CDKN2A and/or CDKN2B deletion, | CDKN2A/B P WHO 5th
9p21.3
Deletion 22q12.2 NF2 WHO 5th
Losses on chromosome 1p, 6p/q, 10q, 149, and P WHO 5th;
18p/q, and (less frequently) losses on 2p/q, 3p, 20682713
4p/q, 7p, and 8p/q,
Chordoid meningioma Deletion of chromosome 2p WHO 5th,
30382370
Angiomatous, microcystic, | Gain of chromosome 5 WHO 5th
and metaplastic
meningiomas
Medulloblastoma
SHH-activated SHH-1 GLl1, 12q13.3 or GLI2 amplification, 2q14.2 GLI1 or GLI2 WHO 5th,
28545823
SHH-activated SHH-2 Loss of chromosome 9q, 9922.32 and 10q, PTCH1 and WHO 5th,
10¢24.32 SUFU 28545823
SHH-activated SHH3 and MYCN amplification, 2p24.3; GLI2 MYCN, GLI2, P,D WHO 5th,
TP53-mutant amplification, 2q14.2; 17p LOH or deletion, TP53 28545823
17p13.1, chromothripsis
SHH-activatedSHH3 and Chromosome 9p gain, 9q loss; PPM1D WHO 5th,
TP53-wildtype amplification, 17g23.2 28545823
SHH-activated SHH-4 Gains of chromosome 3q, loss of chromosomes WHO 5th,
9q, 10g and 14q 28545823
WNT Loss of chromosome 6 D WHO 5th,
28545823
Non-WNT/non-SHH
group 3 MYCN amplification, 2p24.3, isodicentric 17q MYCN P WHO 5th
[(idic(17)(p11.2)]
group 4 chromosome 7 gain, 8 loss, 11 loss, and 17 gain P WHO 5th
Choroid Plexus
Choroid Plexus Papilloma Gains of chromosome 7, 9, 12 and 20 (over D 25575132

50%); less frequently chromosomes 8, 11, 15q,
18 and 19. Infrequent losses




Atypical Choroid Plexus Gains of chromosomes 7, 8,9, 12 and 20 (50% 25575132
Papilloma or over) less frequently gains of chromosome

11. No recurrent chromosome losses
Choroid Plexus Carcinoma Deletions of chromosomes 3, 11p, 6, 11q, 16p, 25575132

22q, 164, 17p, 54, 8p, 130, 15q, 5p, 9, 10p, 18
(over 50%) and 8q, 10q, 17q, and 19p (under
50%).

*D: diagnostic; P: prognostic; T: therapeutic




Supplemental Table 2. Genitourinary tumors with diagnostic or clinically significant chromosome aberrations

Tumor

Chromosomal Aberrations

Genes Involved

Clinical
Significance*

References (PMID)

RENAL

Renal cell tumors (RCT)

Clear cell renal cell carcinoma 3p deletion VHL, BAP1 D WHO 5th edition,
(ccRCC) 2022;
PMID: 32434132
9p loss P
Multilocular cystic renal loss of 3 or 3p VHL D WHO 5th edition,
neoplasm of low malignant 2022
potential
Clear cell papillary renal cell lack of 3p loss NOT TSC1, TSC2, WHO 5th edition,
carcinoma MTOR or ELOC 2022
Papillary renal cell carcinoma gain 7 and 17, loss Y MET D WHO 5th edition,
2022;
PMID: 32434132
Chromophobe RCC hypodiploid due to loss of 1, D WHO 5th edition,
2,6,10,13,17,21 2022; PMID:
32434132
Oncocytoma loss 1q, loss Y D PMID: 32434132
TFE3-rearranged renal cell rea Xpl11.23; TFE3::var (most D,P WHO 5th edition,
carcinoma (RCC) t(X;1)(p11.2;921), common PRCC, 2022, PMID:
t(X;17)(p11.2;925), ASPSCR1 (ASPL), 35980471,
t(X;1)(p11.2;p34) SFPQ; also CLTC, 34704642
PARP14, RBM10,
NONO, MED15,
DVL2, KAT6A,
NEAT1, MATR3,
FUBP1, EWSR1
TFEB-altered RCC rea 6p21.1; t(6;11)(p21;912) D,P WHO 5th edition,
TFEB::var (most 2022, PMID:
common MALATI; 26536169,
also COL21A1, 33208882
CADM?2, EWSR1,
PPP1R10, KHDRBS2,
ACTB, CLTC,
NEAT1); TFEB amp
6p21 amplification including
TFEB
ELOC (formerly TCEB1)- 8qg21 hotspot mutations D WHO 5th edition,
mutated RCC in ELOC 2022
Fumarate hydratase-deficient LOH or loss 1p/1q, 13q, 18; germline mutation D,P WHO 5th edition,

RCC

gain 2, 16,17

FH; somatic
mutations FH. NF2,
FAT1, PTPRT, EP300

2022,
PMID: 35288096




Succinate dehydrogenase-

LOH or loss 1p (SDHB); gain

germline mutation

WHO 5th edition,

deficient RCC 1q SDHB; less 2022,
commonly SDHC, PMID: 35288096
SDHA, SDHD;
somatic mutations
uncommon
ALK-rearranged RCC rea 2p23 ALK::var (commonly | D, P WHO 5th edition,
VCL in sickle cell 2022, PMID:
trait carriers or 36370168,
TPM3) 34704642
SMARCB1-deficient renal rea 22q11.23 or loss 22q11.2 | SMARCB1::var D,P WHO 5th edition,
medullary carcinoma (MALAT1, CAPN2, 2022,
RORA, MAML2) PMID: 26433572
Metanephric tumors t(9;15)(p24;924 somatic BRAF; D WHO 5th edition,
(adenoma/adenofibroma/ KANK1::NTRK3 2022
stromal)
PROSTATE
Glandular neoplasms of the prostate
Intraductal carcinoma of the Loss 10g23.31 PTEN, 16g22.1 | PTEN, CDH1 and P,D WHO 5th edition,
prostate (IDC-P) CDH1, and 16¢23.1 BCAR1 BCAR1 2022; PMID:
29295717
Gain 8q24.21 MYC mMYC P,D WHO 5th edition,
2022; PMID:
29295717
rea 21q22.2 ERG ERG::var (majority D WHO 5th edition,
of cases of IDC-P) 2022; PMID:
20220513
Loss 13q13.1 BRCA2 (biallele) | BRCA2 D WHO 5th edition,
2022; PMID:
33626496
Prostatic acinar Loss 10g23.31 PTEN PTEN P WHO 5th edition
adenocarcinoma Loss 17p13.1 TP53 TP53 2022; PMID:
(inactivation) 22705054,
29029453,
31359337,
31502941,
32129857,
31411988,
22684219
rea 21q22.3 TMPRSS2 (ETS TMPRSS2::var (e.g., | P,D WHO 5th edition,
transcription factors TMPRSS2::ERG) 2022; PMID:
rearrangements) 30082453
Gain 824 MYC mMyc P WHO 5th edition,
2022
Prostatic ductal rea 21q22.2 ERG P,D WHO 5th edition,

adenocarcinoma

2022; PMID:
19151660




Squamous neoplasms of the prostate

Adenosquamous carcinoma of | t(21:21)(q22.2;922.3) TMPRSS2::ERG P,D WHO 5th edition,
the prostate t(3;7)(q27.1;934) fusion 2022; PMID:
FAM131A::BRAF 32639612,
fusion 31882336
Squamous cell carcinoma of t(21:21)(g22.2;922.3) TMPRSS2::ERG D WHO 5th edition,
the prostate fusion 2022; PMID:
29629426,
31882336,
32628337
Adenoid cystic (basal cell) t(6;9)(q23.3;p23-p22.3) MYB::NFIB fusion D PMID: 31189999,
carcinoma of the prostate 26089205
BLADDER
Urothelial cell carcinoma (transitional cell carcinoma)
Urothelial carcinoma in situ Copy number changes: D 11447756,
chromosomes 3, 7, 17, and 31467041
9p21
Non-invasive papillary Loss 17p TP53 D,P 2208176, 21106220
urothelial carcinoma, high- rea 4p16.3 FGFR3 FGFR3::var fusion D 21106220
grade and amplification
Loss 9p21.3 CDKN2A CDKN2A D 2208176, 8895761,
9516934, 8208555
Invasive urothelial carcinoma Focal loss: 9p21.3, 13q14.2, CDKNZ2A, RB1, D 24476821,
17p12-p11.2, and 10g23.31 NCOR1, and PTEN 28988769
Focal gain: 6p22.3, 3p25.2, E2F3, PPARG, D 24476821,
11913.3, 1912, 8924.21, CCND1, CCNE1, 28988769
12915, 8q22.3, 1923.3, MYC, MDM2,
20911.21, and 8p11.23. YWHAZ, NECTIN4
(PVRL4), BCL2L1,
and ZNF703,
respectively
Squamous cell carcinoma of Trisomy 7 D 9546064
bladder Monosomy 9
Rearrangements of
chromosomes 3, 8, 10, 13,
and 17
Deletion 9p CDKN2A D,P 7658499
Loss: 17p and 18p D 10964104
(schistosomiasis-associated
squamous carcinoma)
REPRODUCTIVE
Endometrial stromal cell sarcomas
Endometrial stromal nodule t(7;17)(p21;915) JAZF1::5U7212 D 11371647,
fusion 17667554,

15043312,




21836477,

21420714
Low-grade endometrial Polycomb family gene JAZF1::5UZ12 (most | D 21836477,
stromal sarcoma fusions: common) 11371647,
t(7;17)(p15.2-15.1;q11.2) JAZF1::PHF1 12850374,
t(6;7)(p21.32;p15.2-15.1) EPC1::PHF1 15043312,
t(6;10)(p21.32;p11.22) MEAF6::PHF1 16049311,
t(6;10;10)(p21.32;0922;p11.22) 16397222,
t(10;17)(g22.3;p13.3) 17197920,
17667554,
18580489,
22918161,
23211293,
24592973,
25288234,
27154512,
27219024,
22761769,
24530230, 2434229
t(X;17)(p11.22;921.33) MBTD1::EZHIP D,P 23959973,
t(5;6)(931.2;p21.32) (CXorf67), 28758277,
t(2;6)(923.1;p21.32) BRDS8::PHF1 29721194,
t(10;17)(p11.22;q11.2) (implicated in high 30144186,
grade tumor) 30789359
EPC2::PHF1
EPC1::5UZ12
(< 3 reported cases
each)
High-grade endometrial t(10;17)(g22.3;p13.3) YWHAE::NUTM2A/B | D, T 22223660,
stromal sarcoma fusions (Anthracycline- | 22456610,
based therapy) | 23599159,
24592973,
27219024,
28390819
t(X;22)(p11.4;q13.2) ZC3H7B::BCOR D 23580382,
fusions (common) 29192652,
27631520,
30789359
t(X;10)(p11.4;p11.22) EPC1::BCOR fusion | D 30144186,
t(X;17)(g26.1;p15.2-p15.1) JAZF1::BCORL1 28331900,
t(5;6)(q31.2;p21.32) fusion 30789359
BRD8::PHF1 fusion
Mixed epithelial and mesenchymal tumors
Adenosarcoma of the uterine Amplification 8q13.1 MYBL1 MYBL1 D 26974998,
corpus (sarcomatous overgrowth) 25231023
rea 8q13.3 NCOA2 NCOA2::var fusion D 26592504

rea 20q13.12 NCOA3

NCOA3::var fusion




Endometrial carcinomas

Endometrioid carcinoma of the | POLE-ultramutated D WHO 5th edition,
uterine corpus endometrioid carcinoma, 2022
mismatch repair—deficient
endometrioid carcinoma,
p53-mutant endometrioid
carcinoma,
no specific molecular profile
(NSMP) endometrioid
carcinoma
Serous carcinoma of the Copy-number—high subgroup D 23636398, 7736425,
uterine corpus i(1q) 9115961, 8174089
Gain: 1q, 2,7, 10
Amplification 17q12 ERBB2 ERBB2 (HER2) amp | D, T (benefit 24123408,
(HER2) (>30% of endometrial from 31550396,
serous carcinomas) trastuzumab 23765245,
toa 29584549
carboplatin
and paclitaxel
regimen)
Undifferentiated and Copy-number—low D 20305618;
dedifferentiated carcinomas of 23018216;
the uterine corpus 27491810;
26743474,
28863077
Carcinosarcoma of the uterine | Copy-number-high D 27499902,
corpus hyperdiploidy (60-78%) 28292439
Copy-number—low
hypodiploidy (22—-38%)
Mesenchymal tumors of the uterus
Intravenous leiomyomatosis t(12;V)(12q14.3;V) HMGAZ2::.var fusion | D 11904348,
12508249,
26892441
Recurrent loss: 22q and 1p D 11904348,
regional 12508249,
Recurrent gain: 12q 26892441
Uterine leiomyomas t(6;V)(p21.31;V) HMGAZ1::var fusion | D 16504804,
Other rea(6p21.31) and HMGAZ2::var fusion 25106763
t(12;14)(q14.3;923-24)
Loss: 7922, 22q, and 1p CUX1, DEPDC5 and D 22965931,
SMARCB1, and 26787895,
NPHP4 23738515,
26787895,
24525513,
24412114,
19602464

10




Deletion Xq22.3 COL4A5 and | COL4A5 and D 25106763
COL4A6 COL4A6
Abnormal karyotypes (40% of D 16504804
uterine leiomyomata)
t(10;17)(922;921) KAT6B::KANSL1 D 31027501
fusion
t(12;14)(gq15;q24) HMGA2 D 30292626,
overexpression 23738515
Metastasizing leiomyoma Loss: 199 and 22q terminal D 17460458
deletion
Uterine tumor resembling rea 6g25.1-g25.2 ESR1 ESR1::var D 30350331,
ovarian sex cord tumor rea 2p25.1 GREB1 GREB1::var 30273195,
(Partners including 31094921,
NCOA1, NCOA2, 31464709
NCOA3, CTNNB1,
NR4A3, and 5518)
Perivascular epithelioid cell rea Xpl11.23 TFE3 TFE3::var D 20871214,
tumor (PEComa) rea 14q24.1 RAD51B RAD51B::var 25517951,
25651471,
30001237
t(5;8)(932;8924.22) HTR4::ST3GAL1 D 18085521
fusion
Inflammatory myofibroblastic rea 2p23.2-p23.1 (ALK ALK::var (common D 27874193,
tumor rearrangements) partners include 22646268,
IGFBP5, THBS1, and 28490045,
TIMP3) 28664932,
25321329
RANBP2::ALK and P (aggressive 21164297,
RRBP1::ALK fusions | IMT with 27874193
epithelioid
morphology)
Complex genetic ALK negative D 28490045,
rearrangements (RNA 29794871,
sequencing) 28664932,
30741845,
28731868
ETV6::NTRK3 D 29900760,
(uterine IMTs) 31917155
RET::var fusion
GERM CELL TUMORS (GCTs)
Post-pubertal GCTs i(12p), amp(12p) D 9461002, 34680371,
15738984,
15167939,
17020968
inv(10)(q11qg11) RET::NCOA4 (PTC3) | D, T 8290261, 35957881

11




Gain: 1q, 7, 8, 12p, 21, 22,
and X
Loss: 1p, 4,5, 11q, 13q, 18

D
(distinguishes
GCTs;
Mediastinal
GCT associated
with
Klinefelter
syndrome)

15738984,
34068019, 9461002,
25609015

Pre-pubertal GCTs

i(12p)

D, Less
frequent in
types | and Il;
12p gain rare
in prepubertal
GCT
distinguishes
from adult
GCT;
Prepubertal
GCT
karyotypes
generally less
complex
compared to
adult GCTs

10908150,
10779021,
11921289,
32144540

Gainsin 1q, 3, 11q, 20q, and
22
Loss: 1p, 4q, 6q

24577549,
34068019,
17285132,
29515628

*D: diagnostic; P: prognostic; T: therapeutic
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Supplemental Table 3. Gastrointestinal, dermal, and neural crest tumors with diagnostic or clinically significant chromosome

aberrations

Tumor Chromosomal Genes Involved | Clinical References (PMID)
Aberrations Significance*
HEAD AND NECK
Eye
Uveal melanoma monosomy 3 P 21658465; 28810145;
gain of 6p and 8q 26556006 (WHO)
Salivary gland
Pleomorphic adenoma 8912 or 12q14.3 PLAG1 or D 23821214 (WHO)
rearrangement HMGA2
rearrangements
concurrent or D 18828159; 34324456
isolated HMGA2 (WHO)
amplification
Warthin tumor NO MAML2 D 24121173; 32222825
rearrangement (WHO)
Mucoepidermoid carcinoma mostly CRTC1::MAML2 D, P 20588178; 23018873;
t(11;19)(g21;p13) 32860299 (WHO);
24856188
rarely t(11;15)(q21;q26) | CRTC3:MAML2 | D 19749740 (WHO)
very rarely EWSR1::POU5F1 | D 18338330 (WHO);
t(6;22)(p21;912) 24856188
Adenoid cystic carcinoma t(6;9)(q22-23;p23-24) MYB::NFIB or D 28594149 (WHO)
or t(8;9)(q13;p22) MYBL1::NFIB
loss: 1p, 6q, 15q 22505352; 29619555
(WHO)
loss: 14q 22505352 (WHO)
Acinic cell carcinoma t(4;9)(q13;931) NR4A3 D 30664630; 31094928;
upregulation 32341238 (WHO)
Secretory carcinoma mostly t(12;15) ETV6::NTRK3 20410810 (WHO)
(p13;925)
Hyalinizing clear cell carcinoma mostly EWSRI1::ATF1 D 21484932 (WHO)
t(12;22)(g13;912)
Intraductal carcinoma usually inv(10)(q1l1qll) | NCOA4::RET D 29443014 (WHO)

Myoepithelial carcinoma

PLAG]1 fusions
are identified in

29084941; 33027073
(WHO)

over 50%

Carcinoma ex pleomorphic adenoma PLAGI1 or 11839563; 15920557;
HMGA2 18828159; 24468654,
rearrangements 27379604 (WHO)
and/or

amplification

amplification of
MYC and/or
EGFR
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GASTROINTESTINAL

Esophagus

Esophageal squamous cell carcinoma

amplification in 7p11.2 EGFR
amplification in 11q13 CCND1; CTTN
amplification in 8p11.23 | FGFR1
amplification in 8q24.21 | MYC
amplification in 12p12.1 | KRAS
amplification in 12q15 MDM2
amplification in 3926 TP63 and PRKCI
amplification in S0OX2 and
3926.32—q26.33 PIK3CA
amplification in 14q13.3 | NKX2-1
homozygous deletion CDKN2A and
9p21.3 CDKN2B
homozygous deletion LRP1B
2922.1-g22.2

homozygous deletion PTPRD
9p24.1

homozygous deletion FHIT

3pl4.2

26376349; 28757263
(WHO)

Stomach

Gastroblastoma

t(11;12)(g13;913)

MALAT1::GLI1

28731043 (WHO)

Gastrointestinal stromal tumors
(GIST)

loss of 14q, 22q, 1p and
15¢q

28632504 (WHO);
17226762

KIT or PDGFRA
mutation leading
to constitutive
activation

9438854; 9588894,
12522257; 25605837
(WHO)

Liver

Fibrolamellar carcinoma (synonym:

fibrolamellar HCC)

400Kb deletion of
19p13.12

DNAJB1::PRKACA

28110996; 24578576
(WHO)

Hepatoblastoma

gain of 1q, 8g and 2p
(trisomy of 2, 8, 20)

19061838 (WHO);
15981236; 20461752

Hepatic mesenchymal hamartoma

t(11;19)(q13;q13)

MALAT1

15325096

Pancreas

Pancreatoblastoma loss (or LOH) of 11p 11696422 (WHO)
SKIN
Low-CSD melanoma (superficial loss at chromosomes 9, | CDKN2A, PTEN 14578177 (WHO)
spreading melanoma) 10, 6g, and 20

gain of chromosomes BRAF

1q, 6p, 7, 89, 17q, and

20q
Spitzoid melanocytic neoplasms fusions of ROS1, 24445538 (WHO)
(spitzoid melanoma, Spitz naevus ALK, BRAF,

and atypical Spitz tumor)
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NTRK1, NTRK3,

MET, or RET
Hidradenoma (11;19)(921;p13) CRTC1::MAML2 D 17334997 (WHO)
t(6;22)(p21;912) EWSR1::POU5F1 | D 18338330
NEURAL CREST
Neuroblastoma deletion of 1p P; often 8608986; 16306521;
concurrent 20145112; 20558371,
with 10379019; 18923191,
MYCN 19536264 (WHO);
amplification | 32903140
deletion of 11q P; inversely
associated
with MYCN

amplification

deletion of 3p

p

deletion of 4p P
gain of 1q P
gain of 17q P
gain of 2p, including MYCN and ALK P 20558371; 6719137;
2p24.3 and 2p23 4047115 (WHO);
amplification (dmin, hsr) 20719933; 18923525;
25517749
Neuroendocrine
Follicular thyroid carcinoma t(2;3)(q13;p25) PAX8::PPARG D 23738683 (WHO)
Papillary thyroid carcinoma rearrangements of RET (CCDC6::RET | D 10882153; 26868437;
10q11.2 and 29281951 (WHO)
NCOA4::RET)
NTRK1 and T 26784937; 29281951;
NTRK3 fusions 33923728 (WHO)
Medullary thyroid carcinoma RET mutation 26868437 (WHO)
leading to
constitutive
activation
deletion of 9p21 CDKN2A P 27610696 (WHO)
LUNG
NSCLC [adenocarcinoma (AdC), gain/amplification of SOX2, TP63, mostly SCC; T | 19801978; 15983384,
squamous cell carcinoma (SCC), large | chromosomes 3q PIK3CA 24461890; 24174329
cell lung cancer (LCLC), etc.] amplification of 7p12 EGFR AdC and SCC (WHO); 23026827,
amplification of 8p11 FGFR1 mostly SCC; T | 22363766;
amplification of 7g31 MET mostly AdC; T
deletion of 9p21 CDKN2A mostly SCC
7p12 amplification EGFR
2p23 rearrangement ALK (mostly mostly AdC,
(mostly inv(2)(p21p23)) | EML4::ALK) LCLG; T
6022 rearrangement ROS1 mostly AdC; T
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10g11.2 rearrangement | RET mostly AdC; T
Malignant pleural mesothelioma homozygous deletion of | CDKN2A P 16540645
9p21
BREAST
Secretory breast carcinoma t(12;15)(p13.2;925.3) ETV6::NTRK3 D; T 16888913; 12450792
Invasive breast carcinoma dmin, hsr ERBB2 (HER2) T 19548375; 22417857,
amp 23539740
gains of 1g and 16p, loss mostly ER- 20500230
of 16q (as der(16)t(1;16) positive
or der(1;16)); lack of
ERBB2 amplification
loss of 1p, 8p, and 17p; mostly ER-
gain of 1q and 8q; negative
amplification of 1712
(ERBB2)
8p12 rearrangement NRG1 fusions T 29858224
Homologous T 26957554

recombination
deficiency (HRD)
score

*D: diagnostic; P: prognostic; T: therapeutic
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Supplemental Table 4. Bone and soft tissue tumors with diagnostic or clinically significant chromosome aberrations

Tumor

Chromosome aberrations

Genes involved

Clinical
significance*

References (PMID)

Adipocytic tumors

Lipoblastomatosis 8gl2.1 PLAG1 rearrangement D WHO 5th
Atypical lipomatous 12915 MDM?2 amplification D,P WHO 5th
tumor
Myxoid liposarcoma 1(12;16)(g13;p11.2) FUS::DDIT3 D WHO 5th
Fibroblastic and myofibroblastic tumors
Nodular fasciitis 17p13.2 UspP6 D WHO 5th
Solitary fibrous tumor inv(12)(q14q24.1) NAB2::STAT6 D WHO 5th
Dermatofibrosarcoma 1(17;22)(g21.22;q13.1) COL1A1::PDGFB D WHO 5th
protuberans
Infantile fibrosarcoma t(12;15)(p13.2;925.3) ETV6::NTRK3, other D, T WHO 5th
kinase fusions
Inflammatory 2p23.2 ALK, other kinase D,T
myofibroblastic tumor fusions
Low-grade fibromyxoid t(7;16)(q33;p11.2) FUS::CREB3L2 D WHO 5th
sarcoma
Sclerosing epithelioid 1(11;22)(p11.2;q12.2) EWSRI1::CREB3L1 D WHO 5th
fibrosarcoma
Vascular tumors
Epithelioid t(1;3)(p36.31;925.1), WWTR1::CAMTAI, D WHO 5th
hemangioendothelioma t(X;11)(p11.23;922.1) YAP1::TFE3
Skeletal muscle tumors
Alveolar t(2;13)(g36.1;914.11), PAX3::FOXO1, D,P WHO 5th
rhabdomyosarcoma t(1;13)(p36.13;q14.11) PAX7::FOXO1
Spindle cell 6q22.1, 6024.1, 8q13.3, VGLL2, CITED2, NCOA2, | D WHO 5th
rhabdomyosarcoma 2pl4, 22qg12.2,12q13.12 MEIS1, EWSR1, TFCP2
rearrangements
Tumors of uncertain differentiation
Angiomatoid fibrous 1(2;22)(q33.3;912.2) EWSR1::CREB1 D WHO 5th
histiocytoma
Ossifying fibromyxoid 6p21.32, Xp11.23 PHF1, TFE3 D WHO 5th
tumor rearrangements
Synovial sarcoma 18q11.2 5518 fusions D WHO 5th
Epithelioid sarcoma 22q11.23 SMARCB1 D WHO 5th
Alveolar soft part der(17)t(X;17)(p11.23;925.3) | ASPSCR1::TFE3 D WHO 5th
sarcoma
Clear cell sarcoma of soft | t(12;22)(g13.12;q12.2) EWSRI1::ATF1 D WHO 5th
tissue
Desmoplastic small round | t(11;22)(p13;q12.2) EWSR1::WT1 D WHO 5th
cell tumor
Rhabdoid tumor 22911.23 SMARCB1 D WHO 5th
Undifferentiated small round cell sarcomas of bone and soft tissue
Ewing sarcoma 22q12.2 EWSR1 D WHO 5th
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ClIC-rearranged sarcoma 19q13.2 Cic WHO 5th
Sarcoma with BCOR Xpll.4 BCOR WHO 5th
genetic alterations

Chondrogenic tumors

Mesenchymal Deletion of the region HEY1::NCOA2 WHO 5th
chondrosarcoma between 8qg13.3 and 8g21.1

*D: diagnostic; P: prognostic; T: therapeutic
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Supplemental Table 5. Tumor nomenclature for solid tumor culture method selection

Tumor types may histologically be divided into small round cell tumors (SRCTs) and non-small
round cell tumors (NSRCTs) based on cellular features. SRCTs may grow in suspension or attach
to the culture dish and grow as a monolayer. NSRCTs will not grow in suspension. When the
sample is received in the laboratory, if the histopathologic diagnosis is not yet known, it can be
helpful if the pathologist can tell you if the tumor is a 'SRCT' for the purposes of initiating
cultures. Some tumors may grow with either method. If sufficient sample is provided for a
SRCT, initiate cultures using both methods. If a very small amount of tumor is received, a
coverslip culture is best. Observation of growth will allow one to determine if cells attach or
float. If cells float and form balls, a suspension microharvest can be done. Suspension direct or
overnight harvest may provide material for FISH if culture growth fails.

Suspension and monolayer - Small round cell tumors (SRCTs)
Ewing sarcoma or peripheral primitive neuroectodermal (pPNET)
Medulloblastoma or central primitive neuroectodermal tumor (PNET)
Neuroblastoma
Osteosarcoma
Retinoblastoma
Rhabdomyosarcoma

Monolayer Culture - Non-small round cell tumors (NSRCTs)

Brain tumors
Astrocytoma
Choroid plexus tumor
Ependymoma
Glial tumors, glioblastoma, ganglioglioma
Meningioma
Oligodendroglioma

Mesenchymal tumors or sarcomas or “spindle cell” tumors
Clear cell sarcoma
Desmoplastic small round cell tumor
Fibrosarcoma
Hemangiosarcoma
Hepatoblastoma, hepatocellular carcinoma
Leiomyosarcoma, leiomyoma
Liposarcoma, lipoma
Malignant fibrous histiocytoma (MFH)
Mesothelioma
Synovial sarcoma
Wilms tumor

Germ cell tumors
Embryonal carcinoma, yolk sac tumors
Seminoma
Teratoma

Epithelial tumors (carcinomas)
Breast
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Gastrointestinal
Lung

Prostate

Renal cell
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APPENDIX 4
ACMG technical standards and guidelines: Fluorescence in situ hybridization
(See following page)
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ACMG POLICY STATEMENTS, STANDARDS AND GUIDELINES

Section E9 of the American College of Medical Genetics
technical standards and guidelines: Fluorescence
in situ hybridization

James T. Mascarello, PhD’, Betsy Hirsch, PhD?, Hutton M. Kearney, PhD?, Rhett P. Ketterling, MD?,
Susan B. Olson, PhD’, Denise I. Quigley, PhD° Kathleen W. Rao, PhD’, James H. Tepperberg, PhD?,
Karen D. Tsuchiya, MD®, and Anne E. Wiktor, BS®, A Working Group of the American College of
Medical Genetics (ACMG) Laboratory Quality Assurance Committee

Disclaimer: These standards and guidelines are designed primarily as an educational resource for clinical
laboratory geneticists to help them provide quality laboratory genetic services. Adherence to these standards
and guidelines does not necessarily ensure a successful medical outcome. These standards and guidelines
should not be considered inclusive of all proper procedures and tests or exclusive of other procedures and tests
that are reasonably directed to obtaining the same results. In determining the propriety of any specific procedure
or test, the clinical laboratory geneticist should apply his or her own professional judgment to the specific
clinical circumstance presented by the individual patient or specimen. It may be prudent, however, to document
in the laboratory record the rationale for any significant deviation from these standards and guidelines.

Abstract: This updated Section E9 has been incorporated into and
supersedes the previous Section E9 in Section E: Clinical Cytogenetics
of the 2008 Edition (Revised 02/2007) American College of Medical
Genetics Standards and Guidelines for Clinical Genetics Laboratories.
This section deals specifically with the standards and guidelines appli-
cable to fluorescence in situ hybridization analysis. Genet Med 2011:
13(7):667-675.

Key Words: fluorescence, hybridization, FISH, standards, guidelines

E9 FLUORESCENCE IN SITU HYBRIDIZATION

E9.1 General considerations

Fluorescence in situ hybridization (FISH) analyses can be
performed on metaphase cells or on interphase nuclei. Meta-
phase studies are usually performed to gain information about
chromosome structure that is not readily ascertainable by con-
ventional banding techniques. Thus, metaphase studies are fre-
quently considered an adjunct to conventional chromosome
analysis. Common examples of metaphase analyses include
detection of microdeletions, detection of cryptic rearrangements
involving the ends (subtelomere regions) of chromosome arms,
and characterization of structural abnormalities. Although meta-
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phase FISH could be used to assess mosaicism, clinical situa-
tions for which this would be needed are rare.

Interphase FISH studies are performed to detect and, often, to
quantify the presence of specific genomic targets in nondividing
cells. Because mitotic cells are not required, interphase analysis
makes it practical to examine large numbers of cells and cells
from samples that have low (or no) mitotic index. Changes in
the relative position of FISH signals in interphase nuclei can be
used to detect rearrangements even though the chromosomes
involved cannot be directly visualized. With careful design of
the FISH probe sets and with the large number of nuclei that can
be examined, FISH testing is often so sensitive as to make
repeated chromosome analysis unnecessary for disease moni-
toring. Note, however, that FISH detects only its intended
targets and may give no information about additional abnormal-
ities that may signal disease progression or secondary disease.
Examples of interphase FISH analyses include detection of
aneuploidy in uncultured amniocytes and detection/quantifica-
tion of abnormalities associated with neoplastic processes in
hematological and solid tumor specimens.

It is recognized that technology and probe development may
proceed at such a rapid pace that the standards and guidelines
may not specifically address all situations. It is the laboratory
director’s responsibility to ensure quality assurance and proper
pre- and postanalytical practices that are consistent with the
general guidelines presented later.

These guidelines are not intended to address interphase FISH
used in preimplantation genetics.

E9.2 Regulatory requirements

E9.2.1 Test ordering

As with other high-complexity tests, FISH tests may be
ordered only by physicians and by other persons authorized by
applicable state law.
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E9.2.2 Regulatory classification of FISH probes

With respect to the US Food and Drug Administration (FDA)
regulation, FISH probes generally fall into one of four categories:

e Probes/kits whose analytical performance and clinical utility
have been approved by the FDA (for in vitro diagnostics).

e Stand-alone probes manufactured according to good man-
ufacturing practices and regulated for clinical use by the
FDA as “analyte-specific reagents” (ASRs). FDA regula-
tions prohibit manufacturers from making claims regard-
ing the analytical performance or clinical utility of ASRs.

e Probes labeled for “research use only” (RUO) or for “in-
vestigational use only” (IUO) are subject to FDA approval
but have not been approved by the FDA for clinical use.
Laboratories may consider whether such probes could be
used under the practice of medicine exemption or an in-
vestigative device exemption. When reporting results of
tests that use RUOs or IUOs, the laboratory must disclose
the FDA status of these reagents.

e Probes developed and used exclusively in-house, and not sold
to other laboratories, are not actively regulated by the FDA at
the present time. However, because they may be regulated in
the future, the laboratory director should be aware of all
applicable federal oversight requirements. A laboratory mak-
ing its own probes should meet the standards set forth under
Section G (Clinical Molecular Genetics).

Clinical laboratories should establish the performance char-
acteristics for each test that uses such probes (42 CFR
§493.1213). FDA regulations require the inclusion of a dis-
claimer on all reports for tests using probes that have not
received FDA approval, 21 CFR §809.30(e).

Probes that have been approved by the FDA must be used
exactly according to the manufacturer’s instructions. Because
the performance characteristics of the probe/kit have been ap-
proved by the FDA, the laboratory need only ensure that the
probe/kit is operating within the performance specifications
stated in the product insert. Any changes to the procedure or
substitution of reagents included in the FDA approved kit
invalidate the approved status and make the laboratory respon-
sible for establishing the performance characteristics of the test.

E9.2.3 Regulation of genetic testing laboratories

E9.2.3.1. Center for Medicare and Medicaid Services (formerly
called Health Care Financing Administration), through CLIA ’88,
regulates all clinical laboratories and their practices. Thus, all
laboratories providing FISH testing for clinical purposes are sub-
ject to Center for Medicare and Medicaid Services regulations and
subject to inspection by Center for Medicare and Medicaid Ser-
vices or other organization with “deemed” status.

FE9.2.3.2. Many laboratories are also subject to regulation by
state/local agencies and/or agencies representing the states from
which their clinical samples may originate.

FE9.2.3.3. Although the FDA has recently claimed responsibil-
ity for regulating laboratory developed tests, how this will
impact FISH testing is, as yet, not clear.

E9.3 Development/validation of FISH tests

In the present context, a “test” is defined by the specific
use of a probe or concurrent use of a set of probes, rather than
by the generic “FISH” technology. Documentation of test
validation is required under CLIA ’88 for any test placed into
clinical service after September 1994. In general, validation
requirements for a FISH test will depend on its intended use.
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Questions that should be considered in test development/
validation include the following:

o [s the test intended to detect a condition that should be
present in every cell (qualitative testing) or is it intended to
detect a condition that may be present in only some cells
(quantitative testing)?

e [s the test intended to detect the presence/absence of the
DNA sequence complementary to the probe’s sequence or
is it intended to detect a change in the relative position of
targeted sequences (break-apart and fusion probe sets)?

Tests that fall into the latter category will also have the
potential to yield information relating to the presence/absence
of targeted sequences.

Because the effectiveness of a FISH test can vary with the
type of tissue examined, the laboratory director should consider
whether separate validations for each tissue type are warranted.
Separate validations are always required if the test will be used
for conventional cytogenetic preparations and preparations from
paraffin-embedded tissues.

E9.3.1 Familiarization procedures

Factors such as reagent (including probe) concentrations and the
temperature and timing of denaturation, hybridization, and slide
washing contribute to the intensity of the probe signal and to the
intensity of nonspecific fluorescence. Establishing the optimum
conditions is an empirical process and is the first step in test
development and validation.

For some FISH tests, there may be a limited number of
alternative signal patterns, all of which can be anticipated before
test development. For others and, in particular, for tests intended
to detect abnormalities associated with neoplasia, there may be
a large number of alternative signal patterns. In the latter situ-
ation, it may be helpful to identify alternative, unanticipated,
signal patterns with a pilot study involving a small cohort of
samples before beginning the validation process. If behavior of a
new probe set is somewhat different from others of the same design
(e.g., dual fusion and break apart), the pilot study might also help
identify adjustments that need to be made to scoring criteria.

Other than for probes sold as FDA-approved reagents, there
is no requirement for a manufacturer to demonstrate that the
probe/probe set actually detects the abnormality of interest. For
this reason, the laboratory should evaluate a known abnormal
sample as part of its test development process. If this is not
possible, the laboratory may wish (in some states, may be
required) to include a disclaimer in the test report that acknowl-
edges the fact that the test’s ability to detect the abnormality has
not been confirmed.

E9.3.2 Probe localization

There are three methods that may be used to confirm that
probes detect their intended targets. For any FISH probe, hy-
bridization with concurrent 4',6-diamidino-2-phenylindole
banding or sequential G-/R-/ or Q-banding can be used to
confirm that the probe’s signal is located over the intended
chromosomal region. For break-apart and fusion probe sets, a
sample known to contain the abnormality of interest could also
be used. The latter approach has the advantage of also confirm-
ing the probe set’s ability to detect the abnormality and the
advantage of confirming localization at the molecular level
rather than the chromosomal region level.

Score a minimum of five metaphase cells to verify that each
probe used in the test hybridizes to the appropriate chromosome
target(s) and to no other chromosomes. Any source of meta-
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phase cells may be used, but it is advisable to use cells prepared
in a manner that, as closely as possible, mirrors the way cells
will be prepared for clinical testing. To exclude cross-hybrid-
ization with loci on the Y chromosome, cells used for probe
localization should be from male subjects whenever possible.

Use of a cell line containing the region of interest as a uniquely
identifiable metaphase target (e.g., structural rearrangements and
trisomy) is also an acceptable means for confirming correct local-
ization of the probe as long as the cell line contains at least one
copy of each chromosome (including the Y).

In addition to confirming that the probe targets the expected
chromosome region, the localization process should also con-
firm that the probe mix is not contaminated with another probe
and that the probe does not hybridize to other targets. Probes
with significant cross-hybridization to other targets should not
be used.

E9.3.3 Probe sensitivity and specificity

Probe sensitivity and specificity should be established by
analysis of the hybridization of the probe to at least 40 chro-
mosomes targeted by the probe. For autosomal targets, this will
usually require scoring 20 metaphase cells. For targets located
on sex chromosomes, this will usually require scoring 40 meta-
phase cells. If, as is often the case for many commercially
available probes, the probe has perfect sensitivity and specificity
(see later), no more than 40 targets need to be evaluated. If the
sensitivity or the specificity is <100%, either the hybridization
and evaluation should be repeated or the total number of targets
evaluated should be increased to 100.

Cells from at least five chromosomally characterized males
should be examined. To conserve probe, the patients may be
pooled, but the laboratory should be aware that pooling may
lead to overrepresentation of one individual’s cells in this as-
sessment.

E9.3.3.1. Probe sensitivity is the percentage of scorable meta-
phase chromosomes with the expected probe signal. A probe
with perfect (100%) sensitivity will produce a detectable signal
over the expected region of every target chromosome examined.
A sensitivity of at least 95% is recommended for all probes used
in clinical testing.

Assessment of the sensitivity for probes targeting repeated
sequences is complicated by normal population variation in the
size of the target. In rare individuals, the target may be difficult,
or impossible, to detect. If such targets are used for clinical
testing, recognition of this variation and the limitation it poses for
interpretation of results should be documented during probe vali-
dation. The laboratory director should be aware of any probe
limitations when interpreting results.

E9.3.3.2. Probe specificity is the percentage of all scored
signals that occur at the expected location. A probe with perfect
(100%) specificity will never produce signal over any chromo-
somal region other than the expected region on the target
chromosome. Specificity is calculated by dividing the number
of times the signal is seen at the correct chromosome location
by the total number of signals seen over all chromosome loca-
tions. For clinical testing of metaphase cells, at least 98% of the
signals should be located exclusively over the targeted region.

Targets that are comprised of repeated sequences may be
especially prone to cross-hybridization. Adjustments to probe
concentration and/or stringency of the hybridization may be
required to achieve the desired specificity.

For testing of metaphase cells, the probe is sufficiently val-
idated for use in the same sample type if its sensitivity and
specificity are as high as recommended. The probe’s sensitivity
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and specificity are effectively equivalent to the test’s analytical
sensitivity and specificity (see later), and these values can be
used to estimate the likelihood that a mixture of signal patterns
is due to mosaicism.

For testing of interphase nuclei (e.g., detection of aneuploidy
in uncultured amniocytes or detecting acquired changes in neo-
plasia), development of reporting criteria requires further eval-
uation, as follows.

E9.3.4 Analytical sensitivity and specificity

Although probe sensitivity and specificity are measures of
how well a FISH probe detects a specific chromosomal target,
analytical sensitivity and specificity are measures of how effec-
tively a test based on one or more probes detects a particular
condition. If the condition is the presence of a FISH signal at the
targeted location in a metaphase chromosome, probe sensitivity/
specificity is equivalent to analytical sensitivity/specificity. If
the condition is aneusomy, deletion/duplication or change in
relative position of loci in interphase nuclei, factors other than
the probe’s sensitivity/specificity will also affect the test’s abil-
ity to detect the condition of interest. For example, if a test
based on a single probe is used to detect deletion of a locus, the
test’s effectiveness will be a function of the probe’s sensitivity/
specificity, but it will also be a function of signal size and
nucleus size. Larger signals and smaller nuclei will increase the
chance that two separate signals will appear to be a single
signal. Analytical sensitivity/specificity may also be a function
of the probe design and FISH strategy. Single-fusion transloca-
tion probe sets have relatively low specificity because coinci-
dental juxtaposition of signals can mimic the abnormal gene
fusion condition. An extra signal or a dual fusion strategy has
greater specificity because there are few biological or technical
conditions that can mimic the abnormal condition.

Analytical sensitivity is a measure of a test’s ability to detect
the analyte (condition) of interest. Analytical specificity is a
measure of a test’s ability to detect only the analyte of interest.
Neither analytical sensitivity nor analytical specificity can be
directly measured for most FISH applications because there is
usually not a more accurate method for quantifying the pres-
ence/absence of the analyte. However, in FISH, the measure-
ment of concern is usually the limit of detection, a term that is
used interchangeably with analytical sensitivity by some au-
thors.! The most practical method for establishing a FISH test’s
limit of detection is to calculate the upper limit of the abnormal
signal pattern in normal cells. This upper limit constitutes the
“normal cut-off value.”

E9.3.5 Calculation of normal cut-off values

Three statistical methods have been used to calculate the
upper limit of the confidence interval for abnormal FISH signal
patterns. Unfortunately, none of the three is without drawbacks.
Most widely used are the confidence interval around the mean
and the inverse beta function. Less frequently, maximum like-
lihood has been used to calculate cut-off values. Although the
latter may be most appropriate due to the fact that it makes no
assumptions about the distribution of the data, the calculation
itself is so complex as to make this approach unsuitable for most
assays. Mean * confidence interval and inverse beta functions
are readily available in spreadsheet programs and, thus, are
widely used despite the fact that the distribution of values in
most FISH databases fits neither the normal distribution nor the
binomial distribution. As currently used,? the inverse beta func-
tion may lead to conservative (high) cut-off values that yield
some false-negative results and very few false-positive results.
The confidence interval around the mean may lead to stringent
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(low) cut-off values that yield few false-negative results at the
expense of producing more false-positive results.

Because of these limitations, none of the three methods in
current use is ideal for all applications. The laboratory should
choose a method for calculating normal cut-off values that is
compatible with its statistical analysis capabilities and with its
FISH testing repertoire. When interpreting abnormal signal
patterns, the laboratory should be aware of their method’s
inherent limitations. Regardless of the calculation used, border-
line-positive and borderline-negative results should always be
interpreted with great caution and in the context of other clinical
and laboratory findings.

E9.3.6 Construction of the normal database

A confidence limit of at least 95% is desirable for FISH
analyses. See the study by Dewald et al.3 for a discussion of the
relationship between analytical sensitivity, frequency of the
abnormal cell type, and the number of cells required to detect
the abnormal cell type with a specified degree of confidence. In
general, the evaluation of larger numbers of cells will lead to
greater confidence in the ability to detect rare cell types.

For acquired abnormalities, an acceptable normal database
should include at least 200 nuclei examined from at least 20
individuals who have no indication of having the condition/
disease of interest. Databases that will be used for interphase
analysis of presumed nonmosaic constitutional microduplica-
tions/microdeletions should be based on at least 50 nuclei from
at least five individuals known not to have the abnormality of
interest. Note that these databases only give information about
the expectation for the abnormal signal pattern in normal cells
and that an abnormal result for many nonmosaic microduplica-
tions should involve a much higher proportion of cells.

Databases that include more individuals may yield fewer
false-positive results if the normal cut-off is calculated with the
inverse beta method and fewer false-negative results if the
confidence interval around the mean is used. The number of
cells examined for database samples should reflect the number
of cells that will be examined during the analysis itself. For
FISH assays that have a low likelihood of yielding an abnormal
signal pattern in normal cells, the assay’s ability to detect
low-frequency abnormal cells will improve if the number of
nuclei examined during validation and analysis is larger.

Database samples should be analyzed using methods estab-
lished during the familiarization step by staff members who
would normally be involved in this testing. If an automated
scanner is used for this testing, concurrent analysis by staff and
the scanner should be performed. If the two data sets differ
significantly, the automated scanner should be adjusted and the
slides rescanned until the difference is insignificant.

A database and its resulting normal cut-off values are specific
to the methodology and, to a lesser extent, to the personnel and
equipment used in the laboratory that developed the database.
Thus, a laboratory should not use a database developed by any
other laboratory.

E9.3.7 Construction of an abnormal database

If the goal of testing is simply to detect the presence of abnormal
cells, an abnormal database may have limited value. However, if
the test will also be used to discriminate samples comprised en-
tirely (or largely) of abnormal cells from samples with a mixture of
cells, an abnormal database is also warranted. For instance, in
prenatal detection of Down syndrome, one might want to discrim-
inate nonmosaic trisomy 21 from mosaic trisomy 21 due to the fact
that the phenotypic consequences of the latter are less predictable.
An abnormal database based on patients shown by conventional
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cytogenetics to have nonmosaic trisomy 21 would be one method
for distinguishing between the two.

If an abnormal database is developed, the process used for
development of the normal database should be followed except
for the fact that the control samples would all be drawn from
known affected individuals.

E9.3.8 Paraffin-embedded FISH analyses

For paraffin-embedded tissues, FISH may be performed ei-
ther on 3—-6 wm sections or on nuclei extracted from thick
sections or cores from paraffin blocks. FISH performed on
sections has the advantage of preserving specimen architecture,
thus allowing the analysis to be focused on neoplastic tissue.
However, sectioning causes nuclear truncation, resulting in pos-
sible loss of signals in some nuclei. The nuclear extraction
technique yields whole nuclei, but nuclei from neoplastic cells
cannot be distinguished from normal nuclei; therefore, nuclear
extraction should not be used for specimens in which tissue
architecture is integral to interpretation, such as HER2 (ERBB2)
FISH in breast cancer.

Regardless of the preparation technique used, analyses per-
formed on paraffin-embedded tissue should use their own da-
tabases. A database developed for detecting MYC/IGH gene
rearrangements in conventionally prepared marrow should not
be used for paraffin-embedded lymph nodes. Databases should
be established based on tissue sections of consistent thickness,
and this same thickness should be maintained for testing of all
specimens. For example, a database determined using 6 um
sections should not be used for testing specimens that are cut at
a thickness of 3 wm.

FISH testing of paraffin-embedded tissue using enumeration
probes is generally not suitable for the detection of low-level
mosaicism or minimal residual disease due to the fact that
nuclear truncation and decreased hybridization efficiency will
lead to relatively high normal cut-off values. However, this
limitation may not apply to paraffin-embedded assays that rely
on break-apart or fusion probe strategies. For paraffin-embed-
ded FISH assays that are not used for detection of low-level
mosaicism or minimal residual disease, databases may be based
on fewer normal samples and on the analysis of a smaller
number of cells. For example, the analysis of 50 nuclei from
five normal samples each may be suitable for neoplasms or
constitutional cases that are not expected to show genetic het-
erogeneity and in which a large percentage of the sample is
expected to be composed of the cells of interest (e.g., a diag-
nostic sarcoma specimen) or when neoplastic cells can be
distinguished from nonneoplastic cells. One hundred nuclei may
be desirable for neoplasms known to exhibit genetic heteroge-
neity or in which neoplastic cells may be focally present against
a background of nonneoplastic cells (e.g., certain lymphomas).
However, scoring is best approached by scanning the entire area
of hybridization for abnormal signal patterns and by correlating
any abnormal FISH findings with histology.

A tissue source that mimics, as closely as possible, the tissues
for which the assay is intended should be used for the database
(e.g., tonsil for tests likely to involve lymph nodes).

Because metaphase cells are absent and specific chromo-
somes cannot be recognized in paraffin-embedded preparations,
probe sensitivity and probe specificity cannot be directly as-
sessed. Nevertheless, assessment with conventional cytogenetic
preparations is recommended due to the fact that if a probe
demonstrates suboptimal sensitivity and specificity on meta-
phase chromosome preparations, it is not likely to be acceptable
for evaluation of paraffin-embedded tissue.
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If the test will be used for detecting deletions, duplications,
or genomic amplification, an internal control (second probe
labeled in a different color) should be included in the probe
mixture.

E9.3.9 Test precision

In FISH, test precision is a measure of the quantitative
agreement between repeated assessments of the same sample. A
test with perfect precision will find exactly the same percentage
of abnormal cells in a given sample every time the test is
performed.

Precision is usually not assessed for FISH tests due to the fact
that inherent biological variation in samples confounds such
assessment. The laboratory should be aware that FISH tests do
not have perfect precision. Hence, when a test value falls just
under or just over the cut-off value established for normal
controls, the lack of perfect precision may contribute to a
false-negative or a false-positive result. Care should be taken in
reporting results near the cut-off values.

Appreciation of a test’s precision can be achieved by com-
paring the analytical scores obtained from two different test
readers. The laboratory director should have a method to mea-
sure agreement between readers and indirectly assess test pre-
cision and reproducibility. Discrepancies between two indepen-
dent reads are often attributable to scoring technique, which
should be controlled through training and on-going technologist
competency assessment.

Note that varying culture conditions and, in particular, vary-
ing the length of the cell culture period may impact a test’s
precision and that these conditions should be controlled by
following the laboratory’s standard operating procedure.

E9.3.10 Probes included in FDA-approved kits

E9.3.10.1. Reagents sold in the form of FDA kits must be used
exactly as described by the manufacturer or the approval status
is invalidated. Demonstrating that a change in the recommended
procedure yields no difference in probe signal intensity does not
constitute revalidation of a kit. In effect, any change in the
procedure results in a new test that must be validated, as
appropriate, according to sections 9.3.1-9.3.9.

E9.3.10.2. If an FDA-approved kit is used for testing tissues
other than those validated by the manufacturer, either the kit
must be revalidated according to sections 9.3.1-9.3.9 or the test
report must include a disclaimer that identifies the tissue for
which the kit is approved and must note the fact that the kit has
not been approved for other tissues.

E9.3.10.3. Although further validation is not needed when an
FDA-approved kit is used according to the manufacturer’s
instructions, laboratories should confirm that the kit performs as
expected by analyzing at least 10 samples whose status with
respect to the test’s targeted abnormality is known. At least one
of these samples should have the abnormality of interest.

E9.3.11 Validation of probes used for characterization
of copy number imbalances detected by microarray
(array comparative genomic hybridization and single
nucleotide polymorphism microarrays)

Whenever possible, characterization of array results and as-
sessment of parent carrier status should be conducted with
industry-standard FISH assays using probes already validated in
the laboratory. It is recognized, however, that many such studies
will require the use of novel FISH reagents prepared from the
molecular constructs used in the array or from available con-

Genetics IN Medicine ® Volume 13, Number 7, July 2011

structs/clones overlapping the genomic region in question. Such
reagents should be prepared as described for “home brew”
probes (section E9.2.2.4) and should, at a minimum, be vali-
dated for localization and for probe sensitivity and specificity
(sections E9.3.2-E9.3.3.2).

Before a FISH probe is used for copy number microarray
follow-up, specific genomic coordinates of the construct should
be documented and understood relative to the copy number
change in question. Gross mapping of a FISH clone to a
cytogenetic band is insufficient for precise molecular identifi-
cation. When used following bacterial artificial chromosome-
based copy number microarray, it is strongly recommended that
the molecular identity of a “home brew” FISH clone be verified
either by the commercial source of the clone or preferably by
the laboratory reporting the results. For example, one could end
sequence the clone or confirm an expected internal fragment by
polymerase chain reaction.

Because oligonucleotide-based array findings are generally
represented by numerous independently synthesized oligonucle-
otides, FISH characterization of an oligonucleotide array result
generally provides independent confirmation of a probe’s mo-
lecular identity.

It is generally not feasible to establish an extensive normal
control database for probes used for characterization of copy
number microarray findings. For nonmosaic abnormalities that
can be confidently appreciated in metaphase preparations, the
results of probe sensitivity/specificity assessment in normal
controls are sufficient to document the normal condition (see
section E9.3.3). If the abnormality in question is a duplication
that can only be appreciated by interphase analysis, probe
behavior in a minimum of 50 interphase cells from a represen-
tative normal control (or control pool) should be scored. This
can be accomplished by adding interphase analysis to the sen-
sitivity/specificity assessment as outlined in section E9.3.3.
Very small tandem duplications (<500 kb) may not be resolv-
able by FISH and may require alternate methodologies (e.g.,
dual color FISH, fiber FISH, quantitative polymerase chain
reaction, and multiplex ligation-dependent probe amplification )
for assessment.

E9.4 Analytical standards

E9.4.1 General considerations

In many FISH tests, two or more targets/loci are routinely
examined in a single assay. For tests that target only one locus,
inclusion of a second probe is still recommended. The second
probe provides an internal control for hybridization efficiency
and can be used to tag the chromosome of interest or used to
distinguish polysomy from polyploidy. If a probe is used for a
target that might not be present in every sample (e.g., targets on
the Y chromosome), another sample that is known to have the
probe target should be run in parallel with the patient sample.
When an internal control is not used, reverse banding on meta-
phase preparations should be used to confirm chromosomal
location in all tests using the probe.

The laboratory should have a system for evaluating the
technical quality of the slides used for FISH analyses. Factors
such as disease state, tissue source, and age of the slides/fixed
materials may result in nonspecific fluorescence or adversely
impact the quality of the probe hybridization. Slides with poor
technical quality should either not be examined or should be
examined and interpreted with great caution. The laboratory
should also have a written procedure for scoring that includes
which cells should/should not be scored and methods for dis-
criminating one signal from two.
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The following analytical standards for testing presume that
sensitivity and specificity are at least as recommended in section
E9.3.3. If lower, a corresponding increase in the number of cells
scored to attain comparable confidence levels is required.

Analytical criteria for FDA-approved probes supersede the
general recommendations provided later.

E9.4.2 Metaphase FISH analyses

E9.4.2.1. Metaphase selection for analysis should be based on
the observed hybridization of the control probe(s) and the
target-specific probe to metaphase chromosome(s). Metaphases
showing chromosome-bound background (signals located over
nontarget sites) should not be scored.

E9.4.2.2. For nonmosaic microdeletion analyses, a minimum
of 10 metaphase cells should be analyzed. If any metaphases are
discordant, 10 additional metaphases should be examined. If
suboptimal hybridization quality is a potential source of the
discordance, the hybridization should be repeated. Assuming
the probe’s sensitivity and specificity meet the standards noted
earlier, observation of three cells with loss of the same signal is,
most likely, evidence of mosaicism.

E9.4.2.3. Because these abnormalities are often difficult to
visualize in metaphase cell preparations, testing for microdupli-
cations should be based, at least in part, on the analysis of
interphase nuclei (interpretation requires a reference database;
see section E9.3.6). A minimum of 50 interphase nuclei should
be examined.

E9.4.2.4. Concurrent testing of all chromosome subtelomere re-
gions is usually performed in a format in which each probe mix is
applied to a small region on the slide(s). Because few mitoses may
be available in these regions, it is acceptable to examine five
metaphase cells for each probe mix so long as abnormal findings
are confirmed by the examination of at least 10 metaphase cells
(may require a second, independent hybridization).

E9.4.2.5. For characterization of nonmosaic marker chromo-
somes or unidentified chromosome regions in derivative chro-
mosomes, a minimum of five metaphase cells should be exam-
ined for each probe used in the characterization.

E9.4.2.6. Results of metaphase FISH analysis should be con-
firmed by at least two experienced individuals, one of whom
may be the laboratory director.

E9.4.3 Interphase FISH analyses

E9.4.3.1. Selection of nuclei for analysis should be based on
the observed hybridization of the probe(s). Nuclei that are
broken, overlapped, or that have significant background “noise”
should not be scored. If the assay uses more than one probe,
different fluorochrome colors should be used to allow differen-
tiation of the individual targets.

As noted in section E9.3.3.1, care should be exercised in the
interpretation of results from studies based on repeated se-
quence probes. Although rare, individuals exist who have a low
copy number of a repeat on one homolog. This could result in
misleading results due to reduced hybridization and/or signal
intensity. Whenever possible, concurrent examination of avail-
able metaphase cells should be performed in interphase analyses
that use repeated sequence probes.

The presence of contamination by maternal cells (in prenatal
cases), bacteria, or fungus can lead to false-positive or false-
negative results. Routine processes to identify these contami-
nants are recommended, such as evaluating spun pellet for
visible blood, which can indicate maternal cell contamination,
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or evaluating slides for nonspecific background signals that
could indicate fungal or bacterial contamination.

FE9.4.3.2. For analysis of nonmosaic constitutional abnormali-
ties (e.g., aneuploidies and microdeletions/microduplications), a
minimum of 25 nuclei should be scored by each of two readers.
If the scores from the two readers are discordant, the case
should be read by a third qualified individual, or the test should
be repeated.

If a result does not meet laboratory established reporting
criteria, the study should be repeated. If no additional material
is available, a third analysis (at least 50 nuclei) by a qualified
individual can be performed in an attempt to account for ques-
tionable results (e.g., poor hybridization or background on a
portion of the slide).

E9.4.3.3. Interphase FISH may be used as an adjunctive test to
assess levels of mosaicism/chimerism in cell lines with abnor-
malities previously established by standard banded chromo-
some and/or metaphase FISH analysis. In this circumstance, at
least 50 interphase nuclei should be examined.

E9.4.3.4. For analysis of acquired abnormalities, the total
number of nuclei examined should reflect the number of nuclei
examined in establishing the normal cut-off values (see E9.3.6).
Half of the nuclei should be scored by each of two readers.

Exceptions to this requirement could be made if the abnormal
cell type was extremely common in the test specimen. The
laboratory director may establish conditions whereby the anal-
ysis of such specimens could be terminated before the standard
number of nuclei is reached. See section E9.5.3.3.

E9.4.4 Paraffin-embedded FISH analyses

E9.4.4.1. For analysis of paraffin-embedded tissues, selection of
nuclei should be based on location of cells of interest (e.g., if there
are neoplastic cells and normal stroma on the same section, caution
must be taken to score the appropriate cell type). Analysis of
paraffin-embedded neoplastic specimens usually involves morpho-
logic interpretation that requires participation by a pathologist. In
some instances, depending on the type of specimen and amount of
neoplastic tissue present, prehybridization identification (marking
relevant neoplastic regions) by a pathologist may be sufficient to
ensure analysis of appropriate cells. For some specimens, such as
those containing a small amount of tumor admixed with abundant
stroma or those in which in situ neoplasia needs to be distinguished
from invasive cancer (e.g., breast cancer), this approach may not be
sufficient and a pathologist may need to review the posthybridiza-
tion slide at the microscope or captured images of the regions
scored at a magnification that allows morphologic assessment. In
specimens in which genetic heterogeneity could be present, such as
in the setting of HER2 amplification assessment in breast cancer,
the entire area of hybridization should be evaluated.* If areas
containing an abnormal signal pattern are identified outside of
regions previously marked by a pathologist, those areas should be
reviewed by a pathologist to determine the clinical relevancy of the
observation. With any paraffin-embedded FISH assay, interaction
between the individuals scoring the FISH slide and a pathologist is
strongly encouraged if there are any findings in question.

E9.4.4.2. Preparations from paraffin-embedded tissues tend to
show more variability in hybridization quality and background
fluorescence than conventional cytogenetic preparations. For this
reason, care must be taken to score only areas with optimal probe
hybridization. Areas with high tissue autofluorescence that could
obscure signals should also be avoided. Signal scoring should
involve focusing through the entire section to detect signals in
different planes. Scoring of overlapping nuclei should be avoided.
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Some types of probes are more problematic than others when
used on paraffin-embedded tissues. For example, assessment of
deletions in paraffin-embedded tissue is more difficult than
assessment of gene rearrangements using break-apart or dual-
fusion probe strategies. Evaluation for deletions should be per-
formed with an appropriate control probe (e.g., use of a centro-
mere or opposite arm probe). For tests not using an FDA-
approved kit, distinguishing polyploidy from true amplification
should also be evaluated in the context of an internal control
probe on the same chromosome as the test probe.

FE9.4.4.3. Appropriate internal control probes may not be read-
ily available (e.g., amplification controls). In such cases, a
negative (e.g., no amplification) and a positive (e.g., known
amplification) control sample should be included in the analyt-
ical process.

E9.4.5 Analytical considerations for FISH following
copy number microarray results

E9.4.5.1. In general, FISH used to confirm or visualize abnor-
mal findings identified by copy number microarrays should
follow the analysis guidelines established in sections E9.2.4.2
and E9.2.4.3. The following special considerations apply.

e £9.4.5.1.1: Whenever possible, parental FISH analyses
should be performed by the same laboratory that per-
formed the initial microarray and FISH evaluation of the
proband. When this is not possible, the second laboratory
should carefully review the array data to determine
whether a suitable, previously validated probe is available.
If a previously validated probe is not available, the labo-
ratory should evaluate a specimen from the proband for
validation and for positive control purposes. Without con-
firmation of the probe signal pattern in the proband, one
cannot be certain that the probe used is capable of detect-
ing the abnormality in question nor can subtle abnormal-
ities such as small duplications be adequately interpreted
in the parental samples.

e E9.4.5.1.2: For probes with which the laboratory has lim-
ited or no clinical experience, it is recommended that a
normal control be run concurrently with patient material.

e E9.4.5.1.3: When a mosaic condition is suspected (e.g., copy
number imbalances near the centromere or hybridization pa-
rameters suggestive of mosaicism), it is recommended that 30
metaphase cells be examined. Additionally, because the ab-
normality may represent a mosaic condition underrepresented
in stimulated T cells, it is recommended that at least 50
interphase nuclei be examined in cases where metaphase
FISH is nonconfirmatory. FISH examination of unstimulated
preparations may be helpful.

E9.5 Interpretation and reporting
E9.5.1 General considerations

FE9.5.1.1. For each FISH test performed, the report should,
whenever possible, clearly and prominently state that the result
is normal/negative or abnormal/positive. Other language such as
“inconclusive,” “equivocal,” “borderline,” or “suspicious for”
may be used for those situations where the result is not clearly
normal or abnormal.

E9.5.1.2. In addition to information required on all clinical test
reports, FISH test reports should identify the probe(s) used
(either gene symbol or locus symbol), the manufacturer of each
probe, and the number of cells evaluated. For FISH studies
performed as a follow-up to copy number microarray testing,
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the linear position of the probe construct, with corresponding
genome build, should be referenced.

The report should also include a detailed description of the
test results. Test results should also be described using the
current International System for Human Cytogenetic Nomen-
clature. If multiple FISH assays are reported simultaneously, a
separate nomenclature string should be used to describe the
results of each.

E9.5.1.3. If a test yields normal results, images (photographic
or digital) of two representative normal cells should be ob-
tained. If the test yields abnormal results, images of at least two
cells representing each of the abnormal signal patterns should
be obtained. Images of normal cells are not required if there is
a mixture of normal and abnormal cells.

For concurrent evaluation of all chromosome subtelomere
regions, a normal result may be documented by a single image
for each probe mix. If an abnormal result is obtained, a mini-
mum of two images should be obtained to document each
abnormal cell type.

E9.5.1.4. Pursuant to 21 CFR §809.30(e), the following
specific disclaimer must be included in reports of all FISH
testing using ASRs:

“This test was developed and its performance characteristics
determined by [laboratory name] as required by CLIA 88
regulations. It has not been cleared or approved for specific
uses by the U.S. Food and Drug Administration.”

The wording of the above statement is mandatory and should
not be changed. However, because the statement may cause
some confusion regarding whether such tests are clinically
necessary and reimbursable, laboratories may wish to add clar-
ifying language, such as the following, after the disclaimer:

“The FDA has determined that such clearance or ap-
proval is not necessary. This test is used for clinical
diagnostic purposes. It should not be regarded as inves-
tigational or for research.”

Laboratories also may wish to add language such as the
following, if accurate:

“Pursuant to the requirements of CLIA ’88, this labora-
tory has established and verified the test’s accuracy and
precision.”

E9.5.1.5. Limitations of the FISH assay should be stated in the
report. For FDA-approved probes/kits, these limitations will be
described in the manufacturer’s package insert. For tests based
on ASRs, RUOs, IUOs, and modification of FDA-approved
kits, the following limitations may merit reporting.

E9.5.1.6. If a database for interpreting mosaicism has not been
developed for a particular probe (or probe set), caution should
be exercised in any conclusion about the presence of mosaicism.
Moreover, the test report should clearly state that the test’s
sensitivity for detecting mosaicism is unknown.

E9.5.1.7. Care should be taken in the interpretation of negative
results from studies based on repeated sequence probes because of
rare individuals with small numbers of the repeated sequence
target.
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E9.5.2 Considerations for interpreting metaphase
FISH tests

E9.5.2.1. Metaphase FISH analysis provides information only
about the probe locus in question. It does not substitute for
complete karyotypic analysis.

E9.5.2.2. Care should be taken in the interpretation of results
when whole chromosome paints are used to characterize deriv-
ative chromosome regions of small size due to the fact that the
painting library may not hybridize uniformly across the full
length of a target chromosome.

E9.5.2.3. For most known microdeletions, there are also cor-
responding microduplications. Metaphase FISH analysis is suit-
able for detection of microdeletions, but microduplication test-
ing should be based, at least in part, on the analysis of
interphase nuclei (see E9.3.6 and E9.4.2.3 specifically). Con-
tiguous duplications may result in FISH signals that are very
close together, even in interphase.

If microdeletion testing is performed only on metaphase cells
and does not include analysis of interphase nuclei, the test report
should include a statement indicating that the test cannot ex-
clude the presence of microduplications.

E9.5.2.4. When using metaphase FISH to document a microde-
letion in which the missing signal is from a control probe, care
should be taken in interpreting results unless the control’s
sensitivity and specificity were also assessed during the valida-
tion process.

E9.5.3 Considerations for interpreting interphase FISH
tests

E9.5.3.1. As noted in E9.3.6, cut-off values for interphase
FISH analyses are, at best, an estimate of the true upper limit for
abnormal signal patterns in the normal population. For this
reason, borderline-positive and borderline-negative results
should always be interpreted with great caution and in the
context of other clinical and laboratory findings. For exam-
ple, bone marrow from a newly diagnosed chronic myeloid
leukemia patient would not be expected to yield a borderline-
positive result with BCR/ABLI FISH analysis. Similarly, one
would not expect to have a low-level positive result for the
common microduplication syndromes because the duplications
are fairly large and because mosaicism is not expected.

FE9.5.3.2. If interphase FISH testing is performed on rare
sample types or on nonstandard cytogenetic preparations (such
as destained, G-banded slides), the laboratory director should
consider whether to include a disclaimer about the limitations of
these materials in the report. For example, an overwhelmingly
positive result with a rearrangement probe set probably needs
no qualification in the report but a moderately positive result
obtained with a probe used to detect deletions of the chromo-
some 5 long arm might.

E9.5.3.3. At the laboratory director’s discretion, an abnormal
interphase FISH result may be reported even though the number
of nuclei is less than the standard number for the test. Testing of
adequate samples may be terminated prematurely if each of the
two readers finds as many, or more, abnormal nuclei as is
required to exceed the normal cut-off value (if a full analysis
had been performed). Similarly, samples with inadequate num-
bers of nuclei may be reported as abnormal if the number of
abnormal nuclei among the available nuclei exceeds the number
of abnormal nuclei that would have been required in a full
study.
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E9.5.3.4. Interphase FISH for acquired abnormalities may
detect potentially abnormal signal patterns that were not antic-
ipated during test development and validation. Such signal
patterns should be interpreted with caution and considered in
the context of the clinical indications for testing. Metaphase
FISH may be helpful for clarifying these signal patterns.

E9.5.3.5. When using interphase FISH to detect a microdele-
tion or microduplication in which the probe does not target the
critical gene responsible for the microdeletion/microduplication
syndrome, normal results should be accompanied by a dis-
claimer stating the limitation of the test. Such a disclaimer may
include information as given in the following example:

“The probe used, however, may give a normal result in
cases that are due to very small deletions, point mutations
or other genetic etiologies.”

E9.5.3.6. For tests not using an FDA-approved kit, the pres-
ence/absence of gene amplification should be reported in the
context of a control locus or in the context of positive and
negative controls. A universal standard for what constitutes
FISH evidence of gene amplification does not exist, at present,
so the goal of this standard is to prevent polyploidy from being
reported as gene amplification.

For some neoplasms, there are published conventions for
when amplification should be reported. These are often based on
clinical criteria, such as prognosis or response to therapy and,
thus, may be disease specific (e.g., the cut-off ratio of >2.2 for
HER?2 amplification in breast cancer is different from the cut-off
ratio of >4 for amplification of MYCN in neuroblastoma).
Whenever they are available, guidelines from consensus groups
should be used for reporting gene amplification.

If dividing cells are available in the sample, a recommenda-
tion for conventional chromosome analysis (to detect homoge-
neously staining region, double minutes, etc) should be included
in the report whenever amplification is detected.

E9.5.4 Considerations for interpreting FISH tests
performed on paraffin-embedded tissues

E9.5.4.1. In situations where the fixation procedure is not
known (e.g., an archived specimen or one received from an
outside institution), and the hybridization fails, a note should be
included in the report stating that variables such as type of
fixative or age of paraffin block may negatively impact hybrid-
ization efficiency.

E9.5.4.2. If interphase FISH testing is performed on paraffin-
embedded tissues prepared by another laboratory (i.e., not the
same source as the samples used for the database), the possi-
bility that the database may have limited applicability to this
material should be acknowledged in the test report. This ac-
knowledgment is not required for FDA-approved kits.

E9.5.5 Interpretive considerations for FISH used
following copy number microarray

E9.5.5.1. Because it is impractical to establish normal cut-off
values for all FISH tests used in copy number microarray fol-
low-up studies, the laboratory should establish its own standard for
interpreting microduplication test results. Two approaches have
been used. In the first, the laboratory establishes an arbitrary cut-off
(e.g., 50%) above which the results are considered abnormal and
below which the result is considered uninformative. In the second,
the laboratory establishes a flexible cut-off that is based on some
multiple of the frequency of the abnormal pattern in a known
normal sample (for instance three times the frequency). Again, the
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test is interpreted as either abnormal or uninformative. Reporting
the test result as uninformative acknowledges the fact that a normal
finding will not always exclude very small duplications. Such
duplications may be difficult to distinguish from normal and may
require more extensive validation or alternative methodology for con-
firmation. This limitation should be acknowledged in all test reports in
which the FISH analysis fails to confirm the microarray result.

FE9.5.5.2. Occasionally, FISH and microarray results may be
discordant. When this occurs, the following should be con-
sidered in the interpretation and resolution of the discordant
findings.

The microarray or FISH data may be artifactual. The quality of
the array and FISH data should be reviewed, and testing repeated,
if warranted. Additionally, the molecular identity of the FISH
probe should be verified, as well as the identity of the clone on the
array (for bacterial artificial chromosome-based arrays). The com-
mercial provider of the FISH construct and microarray should be
notified of any suspicious manufacturing or labeling errors imme-
diately.

The probe selected may not fully overlap the abnormality.
Linear positions of the probe construct and the abnormality
defined by the array should be carefully evaluated, using the
same genomic build as a reference.

The abnormality in question may be a very small tandem
duplication (<500 kb), yielding closely spaced signals that
cannot be resolved by interphase FISH. In these cases, alternate
confirmation methodologies may be required.

The abnormality identified by microarray may represent a
mosaic condition underrepresented in stimulated T cells. See
section E9.4.5.1.3.

FE9.5.5.3. When parental samples are evaluated to assess the
clinical significance of a finding in a proband, it is important to
consider that finding the same abnormality by FISH in a parent
and proband strongly suggests but does not prove an identical
copy number state in both individuals. Laboratories may wish to
add a disclaimer to their reports such as the following:

“Observation of the same abnormality by FISH in a
parent and proband strongly suggests, but does not prove
an identical copy number state in both individuals. The
abnormality may have undergone further modification in
the proband, or the parent may have undetected mosa-
icism for a normal cell line in a tissue not tested.”

Other factors that should be considered in assessing clinical
significance are discussed more fully in the ACMG laboratory
standards and guidelines for interpretation and reporting of
postnatal constitutional copy number variants.>

E9.6 Quality assurance
E9.6.1

Probe localization, sensitivity, and specificity should be con-
firmed for each new lot of probe (as described in E9.3.2 and
E9.3.3). Evaluation of new lots should include a written state-
ment as to whether the lot passes or fails the quality assessment.
Inclusion of a subjective assessment of signal quality is also
desirable and may be useful for detecting trends.

E9.6.2

Biannual (twice per year) or continuous quality monitoring
verification is required (42 CFR §493.1217) for all FISH assays.
This requirement can be met by continuous monitoring of test
results. For example, important test characteristics to monitor
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might include (1) correct number of signals (i.e., no contamination
of probe and no degradation of probe) and (2) no excess back-
ground or other technical problems that would preclude interpre-
tation. If continuous monitoring is used, the quality monitors
should be assessed and documented at least twice per year.

Alternatively, quality monitoring may be accomplished by
incorporating known normal or abnormal samples into the rou-
tine workflow of the laboratory and comparing the actual results
for those samples to the expected results.

£9.6.3

Changes in equipment and changes in staff (or staff experi-
ence) may cause test results to “drift” away from values ob-
tained during the establishment of normal/abnormal databases.
The laboratory should have a method for ensuring that previ-
ously established normal range cut-offs are still appropriate or
should have a plan for assessing the appropriateness of the
database on at least an annual basis. One method for accom-
plishing the latter would be to periodically analyze known
normal samples with the intent of adding to (or replacing)
sample data in the test’s normal database.

E9.6.4 Proficiency testing

Laboratories must participate in proficiency testing (PT) for
each FISH method they use at least twice per year. Metaphase
FISH, interphase FISH performed on whole nuclei prepared
with standard cytogenetic methods, interphase FISH performed
on urine specimens, and interphase FISH performed on paraf-
fin-embedded tissue each constitute a method and require their
own PT process. If the laboratory does not participate in a
commercially available PT program, the laboratory must have a
documented alternate means for assessing proficiency.

Commercially available resources for FISH PT are somewhat
limited. It is the laboratory director’s responsibility to ensure
that such resources are sufficient for demonstrating proficiency
with the methods used in his/her laboratory and, if they are not,
developing alternate means for assessing this proficiency.

£9.6.5 Competency assessment

It is the laboratory director’s responsibility to ensure and
document that technologists who perform FISH tests are appro-
priately trained and have demonstrated consistent ability to
score cases likely to be assigned to them. At a minimum, each
technologist’s competency should be assessed annually for each
FISH method he/she participates in.

Although color blindness cannot be a condition for staff
hiring, color blindness testing is recommended for all laboratory
staff participating in the analysis, image capture, and image
review for FISH testing.
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ACMG TECHNICAL STANDARD

Chromosomal microarray analysis, including constitutional
and neoplastic disease applications, 2021 revision: a technical
standard of the American College of Medical Genetics and
Genomics (ACMG)
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Disclaimer: This technical standard is designed primarily as an educational resource for clinical laboratory geneticists to help them provide quality
clinical laboratory genetic services. Adherence to this technical standard is voluntary and does not necessarily assure a successful medical outcome. This technical
standard should not be considered inclusive of all proper procedures and tests or exclusive of other procedures and tests that are reasonably directed to obtaining
the same results. In determining the propriety of any specific procedure or test, the clinical laboratory geneticist should apply his or her own professional judgment
to the specific circumstances presented by the individual patient or specimen.

Clinical laboratory geneticists are encouraged to document in the patient’s record the rationale for the use of a particular procedure or test, whether or not it is in
conformance with this technical standard. They also are advised to take notice of the date any particular technical standard was adopted, and to consider other
relevant medical and scientific information that becomes available after that date. It would also be prudent to consider whether intellectual property interests may
restrict the performance of certain tests and other procedures.

Chromosomal microarray technologies, including array comparative genomic hybridization and single-nucleotide polymorphism
array, are widely applied in the diagnostic evaluation for both constitutional and neoplastic disorders. In a constitutional setting,
this technology is accepted as the first-tier test for the evaluation of chromosomal imbalances associated with intellectual
disability, autism, and/or multiple congenital anomalies. Furthermore, chromosomal microarray analysis is recommended for
patients undergoing invasive prenatal diagnosis with one or more major fetal structural abnormalities identified by
ultrasonographic examination, and in the evaluation of intrauterine fetal demise or stillbirth when further cytogenetic analysis is
desired. This technology also provides important genomic data in the diagnosis, prognosis, and therapy of neoplastic disorders,
including both hematologic malignancies and solid tumors. To assist clinical laboratories in the validation of chromosomal
microarray methodologies for constitutional and neoplastic applications, the American College of Medical Genetics and Genomics
(ACMG) Laboratory Quality Assurance Committee has developed these updated technical laboratory standards, which replace the
ACMG technical standards and guidelines for microarray analysis in constitutional and neoplastic disorders previously published
in 2013.
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been well documented, and CMA is recommended by the
American College of Medical Genetics and Genomics (ACMG) as
the first-tier test for these indications.? Similarly, CMA is
recommended by the American College of Obstetricians and
Gynecologists (ACOG) and the Society for Maternal-Fetal Medi-
cine (SMFM) as the first-tier test in a prenatal setting in patients
undergoing invasive prenatal diagnosis with one or more major
fetal structural abnormalities identified by ultrasonographic
examination, and for the evaluation of intrauterine fetal demise
or stillbirth when further cytogenetic analysis is desired> In
addition, CMA is recommended as a follow-up test for small copy-
number changes that are reported by noninvasive prenatal
screening (NIPS).*

In a neoplastic setting, cytogenetic analysis plays important
roles in the diagnosis, prognosis, and therapy of many
neoplastic disorders. G-banded chromosome and/or fluores-
cence in situ hybridization (FISH) analyses are the gold standard
for detection of clinically significant chromosomal abnormalities
in many neoplasms.> Published clinically applicable data now
show the clinical utility of CMA in the assessment of
multiple neoplastic disorders, both hematologic malignancies
and solid tumors.°""" Examples of the clinical utility of CMA in
both hematologic malignancies and solid tumors can be found
in the ACMG/Cancer Genomics Consortium (CGC) technical
laboratory standards for interpretation and reporting of
acquired copy-number abnormalities and CN-LOH in neoplastic
disorders."?

The current technical standards serve as an update of the ACMG
technical standards and guidelines for CMA analysis in constitu-
tional disorders, including postnatal and prenatal applications and
neoplastic disorders, that were published in 2013."*™ In an
attempt to standardize the terminology used to communicate
clinical CMA results, the workgroup reached consensus on the
definitions of specific terms shown below:

® Copy-number variant (CNV): This term is used to describe
germline copy-number gain and/or loss of chromosomal
material.

® Copy-number abnormality (CNA): This term is used to describe
acquired copy-number gain and/or loss of chromosomal
material in neoplastic disorders.

® Copy-number change: This term is used to describe germline
and acquired copy-number gain and/or loss of chromosomal
material (both CNV and CNA).

® Region of homozygosity (ROH): This term is used to describe a
region with germline allelic imbalance (i.e, homozygosity)
without an associated copy-number change.

® Copy-neutral loss of heterozygosity (CN-LOH): This term is
used to describe a region with acquired allelic imbalance (i.e.,
homozygosity) without an associated copy-number change in
neoplastic disorders.

Advantages of CMA
The advantages of the use of CMA include the ability to:

® Use any sample that yields DNA of sufficient quality and
quantity.

® Detect abnormalities that are cytogenetically cryptic by
standard G-banded chromosome analysis.

® Better define and characterize abnormalities detected by
standard G-banded chromosome analysis.

® (Customize the CMA platform to concentrate probes in areas of
interest.

® Interpret objective data, rather than a subjective visual
assessment of band intensities.

® Detect ROH and CN-LOH using CMA platforms incorporating
SNP probes.

® Interface the data with genome browsers and databases.
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Limitations of CMA
The limitations of the use of CMA include the inability to detect:

® Genetic events that do not affect the relative copy-number of
DNA sequences (e.g, molecularly balanced chromosomal
rearrangements); however, CMA may reveal copy-number
changes in apparently “balanced” chromosomal rearrange-
ments (i.e., gains or losses at or near the chromosomal
breakpoint sites).

® Low-level mosaicism for unbalanced rearrangements and
aneuploidy in a constitutional setting, and inability to detect
tumor-specific changes (acquired clonality) in a small percen-
tage of cells. CMA analysis is neither established nor
recommended as a method for post-therapy follow-up or for
minimal residual disease detection in a neoplastic setting,
unless an aberration is only detected by CMA (e.g., CN-LOH).
The sensitivity of CMA for detection of mosaicism and
acquired clonality will be influenced by the platform, sample
type, copy-number state, DNA quality, data quality, and size of
imbalance. A discussion about the detection of mosaicism and
acquired clonality by CMA is outlined in more detail later in
these technical standards.

® The mechanism of some genetic imbalances (e.g., tandem
duplication versus unbalanced insertion versus marker chro-
mosome), which may necessitate the use of conventional
cytogenetic and/or FISH studies.

® Tetraploidy or other ploidy levels; although, CMA platforms
incorporating SNP probes may facilitate detection of these
abnormalities.

® Copy-number changes of genomic regions not represented
on the CMA platform.

® Duplications and deletions below the detection level accord-
ing to probe coverage and performance, single-nucleotide
variants (SNVs) or insertions/deletions (indels) not covered by
the platform, gene expression, or epigenetic modifications.

® All variants associated with a given disorder. Therefore, it must
be understood that failure to detect a copy-number change at
any locus does not exclude the diagnosis of a disorder
associated with that locus.

® All significant clonal and subclonal cell populations; although,
clonal diversity can be characterized.

Because of these limitations in a neoplastic setting, results using
CMA technologies at diagnosis may need to be correlated with
other established methodologies (G-banded chromosome and/or
FISH analyses) whenever it is warranted.

CMA platform design and manufacture

CMA platforms currently available for clinical testing use
oligonucleotide-based DNA probes. The oligonucleotide-based
DNA probes may be designed to detect only copy-number
changes of a sequence as compared with a control or may also be
able to determine a specific genotype (or allele) associated with
the probe (a SNP-detecting probe). The copy-number of a probe
may be determined either through a directly competitive
hybridization of differentially labeled patient and control DNA
(i.e., array comparative genomic hybridization [aCGH]) or compar-
ison of the intensity of the labeled patient DNA to an in silico
reference set (i.e., SNP array). The copy-number data are plotted as
a log2 ratio of the probe intensities, with the expected normalized
value equaling “0” (generally associated with two copies of
genomic sequence), relative DNA gains having signals of greater
intensity (log2 > 0), and relative DNA losses having less intensity
(log2 <0). For SNP array platforms, the copy-number changes
should also correlate with the allelic information assuming
sufficient coverage of the copy-number changes with SNP-
detecting probes. For example, a region present in one copy
should only have single SNP alleles identified in the region.
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CMA platform designs may have probes (1) targeted to specific
regions of the genome for detection of imbalances known to be
associated with the disease of interest, (2) distributed in a
genome-wide manner with a specified distribution and spacing, or
(3) placed in both a targeted and genome-wide manner with
varying distribution and spacing of probes for specific genomic
regions as well as across the genome. The functional resolution of
a CMA will be determined by both the intermarker probe spacing
and the number of consecutive probes necessary to confidently
identify a true copy-number change. The functional resolution
may be different across different regions of the genome for a
given platform due to probe density and may vary for copy-
number gains and losses as reflected by the log2 ratio.

Manufacturers of CMA platforms should verify the identity of
each probe on the platform used for clinical testing. Probes
selected from the public domain should be listed with their
physical and cytogenetic positions on the human genome,
including the genome build. All probe descriptions and annota-
tions should be openly accessible to the performing laboratory.
Details regarding the CMA design, the synthesis verification, and
all quality control (QC) steps taken to validate and assess the
performance and reproducibility of the CMA should be docu-
mented and provided by the manufacturer. Additional informa-
tion may be found in the ACMG recommendations for the design
and performance expectations for clinical genomic copy-number
microarray devices.'

CMA should be designed with consideration of the statistical
algorithms to be used for determining abnormal thresholds. The
number and density of probes within a given region of interest
(i.e, within a region known to be associated with a germline
disorder or cancer gene or feature) should provide the sensitivity
needed for detection of a copy-number change.

METHODS

These technical laboratory standards were informed by a review of the
literature and current guidelines. Resources consulted included PubMed;
relevant ACMG, ACOG, and SMFM guidelines; and current World Health
Organization (WHO) guidelines. The workgroup members also used their
expert opinion and empirical data to inform their recommendations. Any
conflicts of interests for workgroup members are listed at the end of the
paper. The ACMG Laboratory Quality Assurance Committee reviewed the
document providing further input on the content, and a final draft was
presented to the ACMG Board of Directors for review and approval to post
on the ACMG website for member comment. Upon posting to the ACMG
website, an email and link were sent to all ACMG members inviting
participation in the 30-day open comment process. All members’
comments and additional evidence received were assessed by the authors,
and these recommendations were incorporated into the document as
deemed appropriate. Member comments and author responses were
reviewed by representatives of the ACMG Laboratory Quality Assurance
Committee and the ACMG Board of Directors. The final document was
approved for publication by the ACMG Board of Directors.

FAMILIARIZATION WITH A NEW TECHNOLOGY FOR THE
LABORATORY BEFORE VALIDATION

The laboratory with little or no experience with CMA technology
should become familiar with all aspects of the new technology
before beginning the validation process, regardless of the
regulatory status of the array. Familiarization begins with under-
standing of the processes, features, and capabilities of the
technology selected. The laboratory should gain experience with
the instrumentation, platform design, software, reagents, metho-
dology, technological limitations, workflows, DNA quality para-
meters, etc.,, by experimental sample runs.

Similarly, the laboratory should become familiar with the
features of each sample type the laboratory will process, as
different sample types may have unique considerations for CMA
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data quality and clinical applicability. The laboratory should
demonstrate expertise in technical performance of the CMA,
reproducibility of results, and data analysis and interpretation.
Expertise should be documented for each CMA platform used for
clinical testing, regardless of whether the laboratory has prior
experience with a different platform. The laboratory must also be
familiar with the potential imbalances and rearrangements
associated with the clinical indications.

It is strongly suggested that laboratories use data from well-
characterized samples to gain and broaden their experience.
Sample exchanges with a laboratory proficient with CMA
technology can provide a good source of samples for validation.
Exchange of validated data sets between laboratories provides
additional experience in data analysis. Samples chosen for
validation studies should have aberrations that challenge the
technical limits of detection for reportable deletions and
duplications.

Laboratories need to be able to recognize nonperforming (or
nonresponsive) probes, technically induced artifacts, and other
issues affecting data quality. Laboratories should become familiar
with CNVs that are benign and/or common and resources to aid in
the recognition and interpretation of CNVs or CNAs.'>™%'

VERIFICATION AND VALIDATION
Definitions

Verification. Verification is a confirmation, through provision of
objective evidence, that specified requirements have been
fulfilled. This is a one-time process completed to determine or
confirm test performance characteristics before the test system is
used for patient testing. Verification is a quality assurance (QA)
process to determine that instruments, software, and associated
data are accurate per the manufacturer's description and
specifications, i.e., does the system (hardware, software, probes)
function as described by the vendor/manufacturer? Verification is
required when using Food and Drug Administration
(FDA)—cleared/approved tests. For the purposes of these technical
standards, the terms “FDA-cleared tests” and “FDA-approved tests”
will be interchangeably used and denoted as “FDA-cleared/
approved tests.”

Validation. Validation is a confirmation, through the provision of
objective evidence, that requirements for a specific intended use
or application have been fulfilled. Validation is a QC process to
determine that the data from test samples are accurate for the
intended use when compared with a validated method, i.e., does
the system (processes) provide the correct (accurate, reproducible)
result(s) when test samples or test data are analyzed? Validation is
required when using laboratory-developed tests or modified
FDA tests.

New platform. A new platform is defined as any new methodol-
ogy or microarray type introduced into the laboratory. A single
microarray vendor may produce multiple similar platforms, but
each must be assessed independently.

New version. The definition of a new version should be limited to
those situations in which a minimal number of probes are
removed, added, and/or replaced for the purpose of improved
performance, and/or coverage is enhanced over a limited number
of genomic regions. This would likely involve <10% of the total
probe coverage, with no more than 5% probe removal. It should
be recognized that these types of changes to an established
platform are likely a rare event and most changes in platforms will
require a full validation.

All platforms intended for clinical testing must be either FDA-
cleared/approved and verified or must be validated by the

Genetics in Medicine (2021) 23:1818-1829



performing laboratory. The extent of work necessary for a
validation can depend in part on whether the laboratory is
validating a new microarray platform for the laboratory, validating
a modified design of a previously validated version, or adding
additional sample types or intended uses to a previously validated
platform. The scope of the verification, and method and scope of
the validation must be documented.

Verification of an FDA-cleared/approved test

For any FDA-cleared/approved microarrays where the laboratory
plans to claim the test as FDA-cleared/approved, the approved
protocol and intended use (usually included in the package insert)
must be followed. The laboratory must verify that it can obtain
comparable performance specifications as those established by
the manufacturer with regards to accuracy, precision, and
reportable range of results. Any modification to the FDA-
cleared/approved use of the product (as specified in the package
insert) will be considered as off-label use, and therefore the
microarray must then be validated as a non-FDA-cleared/
approved platform.

At the onset of verification, pass/fail criteria for the verification
protocol should be established. Each laboratory should define the
pass/fail criteria for quality control metrics at various steps of the
assay. If the prespecified acceptance criteria are not met, and a
repeat or evaluation of the reasons for the failure does not resolve
the concern, the laboratory should consider whether or not the
array is appropriate for clinical testing.

Accuracy testing will measure the ability of the platform and
software to detect known abnormalities. The accuracy evaluation
is accomplished by running a series of previously characterized
abnormal samples (this may be accomplished through sharing
samples with an established laboratory). A minimum of 15 cases is
recommended. To the extent possible, the laboratory should use
abnormal samples that represent abnormalities that the array is
designed to detect. This evaluation should include both a
comparison of the findings from the region(s) expected to
be abnormal as well as a comparison of the rest of the genome
analyzed by the platform. The laboratory must document the
concordance of the expected results and any unexpected findings.
Because this technology may detect true alterations not previously
identified, any unexpected findings that fall within the determined
reportable range (as defined in the “Validation of a new CMA test
for the laboratory” section) should be further investigated to
determine whether the finding represents true biological varia-
tion. This may involve the use of an alternative technology, e.g.,
multiplex ligation-dependent probe amplification (MLPA), quanti-
tative polymerase chain reaction (qPCR), FISH, or a different
microarray platform for correlation of the unexpected finding.

Precision testing should measure the reproducibility of
repeated tests for the same result. The precision of the platform
is established by running a minimum of two abnormal samples,
each run multiple times in separate experiments. The concordance
of the repeated runs should be documented, and any alterations
should be considered (variability of breakpoints, calls, and
potential reasons for variation, i.e., segmental duplication-rich
region) as they pertain to the reportable range, functional
resolution, and potential variability around breakpoints. Some
variability around breakpoints may be expected due to segmental
duplications and individual probe performance. Precision testing
can allow for an assessment of breakpoints and potential impact
on the clinical interpretation. Breakpoint variability that does not
alter the clinical interpretation would be less concerning than
variability that does alter the interpretation. Samples with multiple
abnormalities are preferable as they maximize the number of
findings for the precision study.
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Validation of a non-FDA-cleared/approved test

Validation of a non-FDA-cleared/approved test is specific for each
analysis type (constitutional, neoplastic, or formalin-fixed paraffin-
embedded [FFPE] tissue), which are considered different tests. At
the onset of validation, pass/fail criteria for the validation protocol
should be established. If the prespecified acceptance criteria were
not met, and a repeat or evaluation of the reasons for the failure
does not resolve the concern, the laboratory should consider
whether or not the array is appropriate for clinical testing.

1. Validation of a new CMA test for the laboratory

Validation of a new CMA test includes establishing the perfor-
mance characteristics of the microarray platform and software, in
addition to technical data analysis and interpretation. The
performance characteristics that must be established include the
accuracy and precision of results, the analytical sensitivity and
specificity, and the reportable ranges. Validations should be
documented for each new clinical CMA test, regardless of whether
the laboratory has prior experience with a different platform.

The reportable range of results includes criteria to identify a
copy-number change, and criteria to report it. Laboratories, with
consideration of the manufacturer's recommendations, should
identify the parameters specific to their platform (number of
consecutive probes, log2 ratios, SNP allele ratios, QC metrics, etc.)
that are necessary to conclude that a copy-number call represents
a true copy-number change. As the functional resolution is a
combination of probe density and number of probes necessary to
identify a true copy-number change, the reportable range should
be at or above the functional resolution of the platform. The
reportable range should be determined before the evaluation of
the validation set, and data from the familiarization process should
be utilized. The reportable range may exclude well-characterized
benign CNVs. If the reportable range is altered by the laboratory,
the validation data should be re-evaluated with the new
reportable range. However, if the previously identified validation
samples do not contain abnormalities that challenge the altered
reportable range, additional samples should be evaluated.

The accuracy evaluation is accomplished by running a minimum
of 30 previously characterized abnormal samples. To the extent
possible, the laboratory should use abnormal samples that
represent abnormalities that the array is designed to detect. This
should include both autosomal and sex chromosome abnormal-
ities as duplications and deletions on the sex chromosomes may
behave differently in each sex. Furthermore, blinding the
evaluators to the expected abnormalities has the additional
benefit of validating the settings, evaluation of data, and
reportable range. Samples used for validation should represent a
variety of positive results with various sizes of abnormalities,
combinations of gains and losses, various regions of the genome,
and some aberrations that challenge the technical limits of
detection for reportable DNA copy-number gains and losses.

Sample exchanges in a blind, split-sample comparison with a
laboratory that is proficient with microarray technology can
provide a good source of samples for validation. This sample
exchange should include abnormal samples and involve compar-
ison of results at the appropriate detection levels declared by the
laboratories. Exchange of validated data sets (e.g. array files)
between laboratories is recommended for additional experience
in data analysis. All validation data for multiple disease and sample
types, including discordant results and limitations, should be
documented.

This evaluation should initially include a full review of the data
to identify aberrations that meet the reportable range while
blinded to the expected abnormality (as would fit the clinical
workflow), followed by a comparison of the findings from the
region(s) expected to be abnormal, as well as an evaluation of
the rest of the genome analyzed by the platform. An evaluation of
the regions expected to be normal is also important in assessing
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the probe behavior across the genome. The laboratory must
document the concordance of the expected results and any
unexpected findings. Sample assays for a specific diagnosis may
be validated by comparison of results with those obtained by
other methods, e.g., conventional cytogenetics, FISH, or another
validated microarray assay. During the validation process, all
genomic imbalances identified by standard method(s) should be
detected by the microarray within the detection limits established
by the laboratory for the diagnosis and/or sample type. Evaluation
should also include breakpoint assessment with regard to gene
content and genomic architecture. The laboratory should also
recognize nonresponsive probes in a region expected to show loss
or gain (this may be due to either poor performing probes or
underlying genomic architecture). As this technology may detect
true alterations not previously identified, any unexpected copy-
number changes that fall within the laboratory-determined
reportable range should be further investigated to determine
whether the finding represents true biological variation. This may
involve the use of an alternative technology, e.g., MLPA, qPCR,
FISH, or a different microarray platform for correlation of the
unexpected finding. As both expected and unexpected findings
are evaluated, careful selection of the 30 samples is important and
the ability to evaluate unexpected findings should be considered.

Sensitivity and specificity are determined by the number of true
positive, true negative, false positive, and false negative results in
a validation data set that meet reporting criteria.

However, for a whole-genome assay, all true positives and true
negatives are not known. Therefore, sensitivity and specificity for
genome-wide array tests cannot be calculated as traditionally
defined.

Sensitivity is evaluated by comparison of expected versus
observed abnormalities, and this is then extrapolated to the rest
of the genome. Rather than a traditional calculation of specificity, an
evaluation of the positive predictive value of the assay is desirable.
Determination of the positive predictive value will involve the
identification of copy-number calls that fall within the laboratory’s
determined reportable range and a determination of the proportion
of those calls that are true. To improve the specificity of the
platform, if certain probes are recognized to repeatedly act as false
positives, these probes should be removed from future analyses. The
identification of false positive probes may be due to technical or
biological variables considering that not all regions of the genome
are amenable to accurate locus-specific evaluation of copy-number
with this technology. If probe content is masked by the laboratory,
these changes should be documented. If the changes are sufficient
to alter the performance of the platform, an evaluation of the
validation data with the altered probe content is required.

The precision testing should measure the closeness of repeated
test results to one another. The precision of the platform is
established by running a minimum of two abnormal samples,
each run multiple times in separate experiments. The concordance
of the repeated runs should be documented, and any alterations
should be considered (variability of breakpoints, calls, and
potential reasons for variation, i.e., segmental duplication-rich
region) as they pertain to the reportable range, functional
resolution, and potential variability around breakpoints. Some
variability around breakpoints may be expected due to genomic
architecture and individual probe performance. The precision
testing can allow for an assessment of breakpoints and potential
impact on the clinical interpretation. Breakpoint variability that
does not alter the clinical interpretation would be less concerning
than variability that does alter the interpretation. Samples with
multiple abnormalities are preferable as they maximize the
number of findings for the precision study.

2. Validation of a new version of a previously established platform
In the laboratory that is proficient with microarray technologies, a
new version of a platform in use by the laboratory from the same
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manufacturer should be validated with a minimum of five
abnormal samples. Known abnormal samples from the previous
version should be run using the new version for comparison to
ensure that the performance meets the laboratory standards and
to assess performance of probes added into a higher-resolution
version. New content on an upgraded version should be assessed,
if possible, using known abnormal sample(s) with variation in the
region of the new content to determine performance.

The evaluation of this validation set of at least five samples
should include data analyzed to determine whether the platform
and software detected the expected abnormality. If other
abnormalities are detected that meet the laboratory-reporting
range, the validation should determine whether the findings
represent true biological variation.

3. Validation of additional sample/tumor types on an established
platform

It is understood that the CMA platform employed by the
laboratory may be used to analyze multiple sample types and,
in a neoplastic setting, multiple neoplastic disorders. It is expected
that the initial validation will involve the most common sample
type for the expected intended use. For example, if the intended
use is postnatal constitutional evaluation, the sample type will
likely be DNA extracted from peripheral blood, whereas if the
intended use is neoplastic hematologic malignancy evaluation,
the sample type will likely be DNA extracted from bone marrow or
peripheral blood.

Because the quality of the DNA may vary from alternative
tissue/tumor sources and this may add interference factors to the
CMA analysis, use of DNA from alternative sample types requires
an evaluation of the potential for interference.?? Inherent
differences in results obtained from different biological materials
require that the laboratory determines the performance char-
acteristics of the CMA for each sample type to be used for clinical
testing. Examples include constitutional or neoplastic blood,
neoplastic bone marrow, fresh or frozen tissue/tumor, and
FFPE tumor.

For a new sample type, an evaluation of the impact of the new
sample type on data quality is necessary. The DNA extraction
process should be part of the validation plan. Evaluation of the
array QC metrics of the new sample type is critical to ensure that
they are within the established acceptable range. If there are only
minimal changes to the processing or analysis, then a validation of
the new sample type can involve equivalency of data quality with
the new sample type. If significant alterations are made in the
processing of the sample or CMA analysis (e.g., change of
reference DNA), then a new validation is required.

In a neoplastic setting, laboratories often offer clinical testing for
different neoplastic disorders using different sample types. In this
case, the laboratory should process and analyze a sufficient
number of each type to establish proficiency. Tumor-specific
sample types for which clinical testing will be offered should be
included in the validation. Each laboratory should use professional
judgment and experience to determine the number of samples of
a particular neoplastic disorder to include in their preclinical
testing validation. Laboratories will also need to use professional
judgment and experience to determine differences in processing
various sample types and adjust sample numbers of each type
accordingly, with the goal of optimizing quality and analytic
interpretation of results.

4. Validation of the allelic differentiation potential of SNP-
detecting platforms

In postnatal constitutional CMA, the detection of ROH is not in and
of itself diagnostic but can identify a concern that may require
additional testing such as sequence-based variant analysis or
uniparental disomy testing. In the neoplastic setting, the detection
of CN-LOH with or without additional CNAs may be diagnostic of
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certain types of malignancy, and/or have therapeutic or prog-
nostic implications. Given sufficient probe density, there should be
a correlation between the copy-number state and the SNP allele
state. Evaluation of the performance of the SNP-detecting probes
to define ROH or CN-LOH should be included in the validation.

A minimum of five samples need to contain expected ROH or
CN-LOH in addition to copy-number changes. Interlaboratory
comparisons of such samples are recommended. This comparison
should address the data types that would be included in a report,
such as approximate sizes of ROH or CN-LOH, and percentage of
the genome demonstrating ROH or CN-LOH, whenever clinically
applicable. The detection and accurate size assessment of ROH or
CN-LOH by SNP-based CMA depend on the density of SNP probes.
If the validation method does not address accuracy of breakpoints
in ROH or CN-LOH calls, reports should reflect this uncertainty in
the disclaimer section. In constitutional CMA, inaccurate size or
breakpoint estimation for ROH may lead to unwarranted follow-up
testing for uniparental isodisomy and/or autozygosity mapping,**
and in neoplastic CMA, inaccurate size or breakpoint estimation
for CN-LOH may lead to misinterpretation of a variant as
homozygous when a somatic variant is detected in a suspected
region of CN-LOH.

5. Determining percentage of cells with abnormality: mosaicism
and clonality

Constitutional mosaicism, the admixture of non-neoplastic cells in
a tumor sample and clonal diversity can readily be detected by
CMA. However, each laboratory needs to perform extensive
validation studies to determine the dynamic range and the limit of
detection for different cell populations for a wide variety of copy-
number changes. For constitutional studies, it is not recom-
mended that this technology be used as the sole method to rule
out mosaicism. In cases with apparent low percentages of cells
with questionable aberrations, FISH, conventional cytogenetics, or
another quantitative method may be needed to fully characterize
the genetic lesion(s).

The ability to detect mosaicism or clonal changes can be
influenced by several factors including the microarray platform
used, sample source, DNA quality and quantity, size and copy-
number state of the abnormality, and probe coverage. Noise from
poor-quality DNA and mixed chimerism may mask clonal
abnormalities. Each laboratory will need to challenge their
microarray with various percentages of abnormal cells, different
ploidy levels, and clonally diverse samples to gain experience in
their detection. It is not likely that a specific percentage of cells
with an aberration will always be identified uniformly throughout
the genome. This could be due to either poor performing probes,
and/or genomic content affecting microarray performance, and
this limitation should be recognized.

Methods for determining detectable percentages of cells
include dilution series studies from an admixture of normal and
abnormal cells from the same individual (if possible), obtaining
samples from another laboratory with known abnormal cell
percentages, and analysis of the mosaic sample by other
quantitative methods. FISH analysis of fresh (uncultured) samples
provides a reliable means to establish the percentage of cells with
an aberration to compare with the microarray data. Flow
cytometric data may also be used to estimate clone size (e.g.,
blast percentage for acute leukemia). Conventional cytogenetic
analysis of metaphase cells provides information about mosaicism
but may not accurately reflect levels of mosaicism. Note that
methods to evaluate levels of detectable mosaicism/clonality will
differ with sample type, e.g., fresh or FFPE tissue.

Dilution studies using samples with known copy-number
changes may help to determine detectable levels of mosaicism.?*
This method can provide an effective means of establishing
thresholds but may have limitations as a simulated method. For
SNP-detecting arrays, dilution studies require non-neoplastic and
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tumor DNA from the same patient; buccal cells or blood may
provide a source of non-neoplastic patient DNA. Be aware that
microarray analysis gives a relative level of copy number across
the cells within the sample but does not provide a cell-by-cell
determination of copy number (e.g., trisomy in 60% vs. tetrasomy
in 30% of cells).

Microarray analysis tools were designed primarily for nonmosaic
abnormalities; therefore mosaicism/clonality may not be reliably
detected by the standard software algorithms. Laboratories should
recognize software limitations and the need for manual and visual
inspection of the data for mosaic aberration and clone/subclone
detection. For validation, clinically relevant calls made by visual/
manual inspection and calls made by software should be verified
by another method, e.g., interphase FISH, gPCR, and/or replicate
array analysis.

The percentage of cells with a specific abnormality in a mosaic
or clonal state can be estimated using software parameters,
including the log2 ratio, B-allele frequency, and/or allele
difference.*>” However, the estimate is influenced by factors
such as array platform, type of mosaic abnormality (i.e., one-copy
loss or gain, two-copy loss or gain, and ploidy changes), and array
quality. For example, the log2 ratio of the same mosaic percentage
may be different between aCGH and SNP array. Each laboratory
should consider these variables and be familiar with the
capabilities/limitations of the array analysis software used.

6. Special considerations
6.1. Special considerations for validation of prenatal specimens

Experience with postnatal CMA and with common and rare
CNVs is important for the processing and interpretation of array
results in the prenatal setting. For validation, a distinction should
be made between cultured amniotic fluid and chorionic villus
sampling (CVS) cells and uncultured (direct) amniotic fluid and
CVS cells. The validation depends on whether the platform has
been previously validated for postnatal use or is new to the
laboratory and whether both cultured and uncultured cells will be
used. Both cultured and uncultured amniotic fluid and CVS should
be included in the test validation, especially if the laboratory plans
to perform CMA analysis on all these sample types.

Analysis of DNA extracted from uncultured amniotic fluid or CVS
cells is preferable to DNA from cultured amniotic fluid or CVS cells.
CMA analysis of uncultured amniotic fluid and CVS cells allows for
the great majority of results to be available within one week and
avoids the possibility of culture artifacts.”*>' Maternal cell
contamination (MCC) is a possibility when studying uncultured
amniotic fluid or CVS cells (see MCC recommendations below).
The villi need to be manually cleaned of maternal decidua prior to
DNA extraction. Confined placental mosaicism (CPM) is a concern
when studying uncultured CVS cells, but only a low frequency of
CPM in CMA analysis of uncultured CVS cells has been reported.>
This could be attributed to the evidence demonstrating that
cleaned villi are mostly composed of the mesenchymal core,
which is more representative of the fetal genome.*®* Back-up
cultures for all prenatal samples undergoing CMA analysis should
be established and maintained. This is necessary for the purposes
of (1) possible array failures using direct DNA extractions, (2)
evaluation of possible mosaicism, and (3) the need to perform
metaphase chromosome or FISH analysis to investigate CNVs.

If prenatal CMA is performed on an array platform new to the
laboratory, the issues and process discussed in the “Validation of a
new CMA test for the laboratory” section apply, and a minimum of
30 previously characterized cases should be processed. Due to the
difficulty of obtaining abnormal prenatal specimens, the collection
of 30 samples will likely include those cases previously character-
ized as normal. Additional experience with abnormal array
findings through data exchange should occur, to ensure that a
wide variety of abnormalities have been evaluated both in-house
and in silico.
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For a previously validated platform for postnatal use, the
addition of prenatal specimens requires an understanding of the
potential issues that these samples can present regarding DNA
quantity and data quality. The DNA extraction process should be
part of the validation process. A minimum of five samples from
each sample type, uncultured amniotic fluid, uncultured CVS, or
cultured amniotic fluid/CVS, should be included in the preclinical
testing validation.

Uncultured prenatal samples. Because uncultured cells may yield
inconsistent DNA quantity and quality, additional validation may
be required to become familiar with potential differences as
compared with cultured cells. Parameters to consider for
uncultured amniocytes include amniotic fluid volume, gestational
age, and DNA extraction method. In general, uncultured
amniocytes yield less DNA than cultured cells; however, CMA
results are obtained faster.

Cultured prenatal samples. Healthy cultures established from
amniocytes, CVS, and fetal tissue need to yield an adequate
quantity and quality of DNA and provide consistent CMA results.
The laboratory needs to be aware of factors that can affect DNA
yield and data quality such as culture age, growth rate, confluency,
and shipping conditions.

Maternal cell contamination and mosaicism. It is recommended
that prenatal samples submitted for CMA be assessed for MCC.
MCC may be present in direct samples of amniocytes that contain
maternal blood, in CVS samples not adequately cleaned of
maternal decidua, and in cell cultures after extensive subculturing
with maternal cell expansion. Underlying MCC may affect
detection and interpretation of CNVs, including different CNV
types (gains and losses) and different CNV sizes (small versus large
gains and losses). Low-level mosaicism in fetuses may be missed
in the face of a significant level of MCC.

MCC may be detected with different methods including short
tandem repeats (STR) analyses and SNP-based CMA platforms. For
male fetuses, a shift in the sex chromosome plots mimicking
mosaicism can suggest MCC. Each laboratory should validate their
method for MCC detection to discern the level of MCC that is
acceptable for their particular CMA platform. The acceptable level
of MCC in uncultured samples should be determined to assess
when cultured cells would be best for obtaining a successful CMA
analysis.

Mosaicism detected by CMA should be investigated to confirm
its presence and level and may represent a culture artifact
(pseudomosaicism), true fetal mosaicism, or for CVS, CPM.>?

Coverslip colony cultures may be used to investigate mosaicism
(see section E4 of the ACMG Technical Laboratory Standards).
Depending on the chromosome involved and the type of
abnormality, additional studies using a different sample (e.g.,
amniotic fluid in a CVS sample suspected for CPM) may be
considered to confirm or exclude mosaic status. FISH analysis may
be used to investigate presence and level of mosaicism but may
be unable to distinguish true from pseudomosaicism.

6.2. Special considerations for validation of oncology specimens

The validation of oncology specimens will follow the “Validation
of a new CMA test for the laboratory” section regardless if the
laboratory has experience with postnatal CMA, and a minimum of
30 previously characterized cases should be processed. Experience
with postnatal CMA and with common and rare CNVs is helpful for
the processing and interpretation of array results for oncology
specimens. If multiple tumor types from different tissue sources
will be processed using CMA, the DNA extraction process should
be validated following the “Validation of additional sample/tumor
types on an established platform” section.

Clonal diversity. CMA uses an averaged DNA pool of all cells in
the sample; thus, clonal and subclonal populations may not be
accurately defined from CMA data. However, combinations of
multiple abnormalities with the same estimates of cell
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percentages can be used to infer information about clones,
including delineating clonal diversity of the tumor. Clonal
diversity, common to neoplastic disorders, is observed when the
cell populations of different clones reach the threshold for
detection. Additionally, independent clonal populations can occur
in the same tumor tissue and CMA alone will not be able to
distinguish unrelated clones or subclones. Correlation with
conventional cytogenetic and FISH analyses can aid in the
interpretation of the tumor clonal and subclonal composition.
CMA platforms in use or in the process of being validated should
be assessed for the capability of detecting clinically significant
CNAs and CN-LOH (i.e., tiers 1 and 2) within clonally diverse cell
populations.'?

Germline abnormalities. CMA testing in neoplasia may uncover
germline abnormalities in patients. The interpretation and
reporting of unanticipated clinically significant germline variants
should be performed in accordance with “Technical laboratory
standards for interpretation and reporting of acquired copy-
number abnormalities and copy-neutral loss of heterozygosity in
neoplastic disorders”’® and “Points to consider for reporting of
germline variation in patients undergoing tumor testing.”*

6.3. Determination of ploidy

Hypodiploidy, hyperdiploidy, and polyploidy can be detected
by CMA but may be challenging to appreciate and interpret. The
allelic states of SNP probes can assist in determining ploidy levels;
allele differences and/or B-allele frequency and log2 ratio together
assist in determining the diploid baseline. The validation process
should include samples with varying levels of ploidy to gain
experience in analysis and recognition of different ploidies.
Correlation with FISH and karyotype can help to determine the
ploidy level and the potential need to readjust the diploid
baseline. If FISH and karyotype are not available, the triallelic
region (balanced genotypes with homozygous A and B and
heterozygous AB alleles) with the lowest log2 ratio often
represents the diploid baseline, and the rest of the genome may
be normalized accordingly. It may be necessary to confirm that
CNAs detected by this approach are reported as recurrent
abnormalities in the neoplastic disorder under investigation. The
manufacturer should provide the method used for normalization.
The laboratory must understand the effect that normalization may
have on polyploidy detection and subsequent interpretation of
gains and losses in the context of polyploidy.

6.4. Chimerism

A mixture of genotypes may occur with constitutional samples
(e.g., MCC in prenatal samples) or cancer samples (e.g., following
stem cell/bone marrow transplantation) and can also be detected
when clinical samples are inadvertently mixed. It is important to
recognize the specific pattern that is generated from chimerism.
When two samples are mixed together, the SNP allele tracks
become increasingly complex. Thus, it may not be possible to
determine the origin of the major and minor contributions
without known copy-number changes or ROH/CN-LOH from at
least one of the individuals (e.g., germline CNVs or previously
reported patient abnormalities). Adjunct tests to assess the levels
of chimerism, such as STR analysis, can assist with estimation of
the contribution of individuals. When chimerism is present, the
ability to detect low levels of cells with abnormalities and small
aberrations will be impacted and data interpretation may be
compromised. In addition, the report should indicate the limited
analysis, given the complexity of the results from chimerism.

REFERENCE SET CONSIDERATIONS

Depending on the array platform used, the reference set may
come from a single individual or multiple individuals, may be sex
matched or mismatched, and may be used in silico (with SNP-

Genetics in Medicine (2021) 23:1818-1829



based microarray) or as a direct competitive hybridization (with
aCGH). The laboratory should understand the benefits and
limitations of each scenario. The laboratory should be aware of
how the data quality may be affected by the source and
components of the reference set. For example, data quality is
likely improved when the assay conditions used for the reference
set closely match those for the test3® Any changes to the
reference set could alter the results, and therefore require a
verification of the quality and accuracy of results obtained with
the new set as compared with the previous one.

Array comparative genomic hybridization analysis

aCGH analysis requires comparison of sample DNA to reference
(control) DNA in the assay, thus the selection of an appropriate
reference DNA is essential. Laboratories may establish their own
reference DNA or use reference DNA provided by the manufac-
turer. The laboratory should characterize any reference DNA to
identify germline CNVs that may have an effect on the
interpretation of patient data. During the familiarization phase, it
is important to optimize the reference DNA to ensure high quality
data. This includes the DNA extraction process, purity, and
concentration. Fluorometric quantitation of the DNA is recom-
mended to ensure that equal quantities of sample and reference
DNA are used in the assay.

Laboratory policies should detail how reference DNA will be
used, i.e.,, mismatched opposite-sex or same-sex comparisons, as
single male or single female references, or as pools from multiple
male or multiple female DNA samples. The laboratory should
document the rationale for the use of reference DNA types
and have provisions for use in different situations. The advantages
and limitations of different approaches should be understood and
considered during interpretation of data. The QC metrics of each
new lot of purchased reference DNA should be compared with the
previous lot to ensure that they are within the expected range and
to verify the accuracy and reproducibility of results.

In an oncology setting, constitutional DNA from blood or
normal tissue from the same individual may be used as the
reference  DNA. While constitutional patient DNA will mask
germline CNVs and reduce the complexity of postanalytic
interpretation, novel underlying germline abnormalities that could
contribute to disease will not be detected.

SNP-based microarray analysis

SNP-based microarray analysis requires comparison of the sample
result with established references or an in silico reference library. If
sufficient data are available for a control population, a laboratory
may establish an in silico reference that mimics the typical study
population. In creating the internal reference file (sometimes
referred to as the “cluster” file), the laboratory minimizes
interlaboratory variation resulting from varied equipment and
other external conditions, and normalizes the data to minimize
population variation. The laboratory should also consider variables
that may differ between reference sample and test sample, such
as DNA extraction methodology and sample type (e.g., fresh tissue
versus FFPE sample). The laboratory should follow the manufac-
turer’'s recommendations for the minimum number of male and
female controls used by the analysis software.

Laboratory policies should document the rationale for the use
of an internal reference file and detail how reference files will be
used. Reference files may be updated by adding, removing, or
replacing samples. A new reference file should be established for
new SNP-based array designs.

SOFTWARE CONSIDERATIONS

The laboratory should recognize software limitations and the need
for visual inspection of the data. Manual calls are often necessary
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during validation and clinical testing, for example, to combine
calls that are interrupted by poor performing probes, to separate
calls that are interrupted by a normal region, to add calls for low-
level mosaic aberrations that are not flagged by software, or to
revise breakpoints not assigned accurately. To verify that the
method for result generation (including software and manual
calls) detects known aberrations accurately, the laboratory should
test a variety of copy-number changes (i.e., deletions, duplications,
and amplifications), CN-LOH, ROH, and aberrations at different
mosaicism/clonality levels. During the familiarization phase, the
software settings should be optimized for aberration detection
and then established parameters should be used consistently
throughout the validation process. These include thresholds for
size/number of probes, log2 ratio thresholds, and mathematical
algorithms used by the software to make calls. The software
parameter settings may be different for various sample types.

The laboratory must determine and document the ability and
accuracy of the software to detect copy-number changes
according to software rules and parameters. When applicable,
the laboratory should determine the ability of the software to
accurately define the endpoints of CN-LOH and ROH according to
the software settings within the resolution of the array design.
Limits should be verified whenever the microarray platform,
version, software, or analysis rules change. The laboratory should
challenge the software with copy-number changes that help
define the limits of detection.

Changes to the software settings from those used during the
validation may require a reanalysis of at least a subset of the
validation data using the new settings to identify any changes to
the performance characteristics of the microarray platform. Such
changes may include, but are not limited to, new annotation
libraries, changes to any in silico reference set, or any changes to
the aberration-calling algorithm.

The laboratory should understand that most normalization
algorithms assume a primarily diploid state, which may obscure
the detection of polyploidy. The allelic states of SNP probes may
assist with the detection of hypodiploidy, hyperdiploidy, and
polyploidy. These situations are rare in the postnatal constitutional
samples but are relatively common in products of conception and
oncology samples.

Any upgrade to the software that offers a change or
improvement over previous versions is deemed a new version
of the software. Laboratories should validate a new version of the
software from the same manufacturer with a minimum of five
abnormal samples generally representative of the different types
of aberrations that arise in clinical testing. Known abnormal
samples from the previous version should be analyzed using the
new version of software to confirm that the new version detects
the expected abnormality. If other abnormalities are detected that
meet the laboratory-reporting criteria, the laboratory should
determine whether the findings represent true biological varia-
tion. A new function in an upgraded version should be assessed, if
possible, using known abnormal sample(s) with abnormalities that
can test the new function and determine its performance. For
example, samples with mosaic triploidy can be used to evaluate
the new function of ploidy adjustment.

The laboratory should document the software parameters and
rules used for the microarray analysis, and all limitations of the
analysis program. The limits, rules, and parameters for detection of
mosaicism/clonality should be determined.

QUALITY CONTROL
Identification

For each microarray, the slide identification number, subarray
position (when applicable), sample sex, control sex (when
appropriate), and sample-tracking control (for multiplex
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microarrays) should be verified and a system developed to ensure
sample identification throughout the process. Discrepancies in the
documentation from the physical sample should be investigated
and resolved before processing.

Sample and DNA requirements

The laboratory should establish sample adequacy requirements
and parameters for the minimum DNA quality and quantity
requirements for each sample type used for clinical testing. The
laboratory should demonstrate proficiency in sample preparation,
DNA extraction, and DNA purification for each sample type. Blood
samples that do not meet the laboratory requirements can be
rejected with a repeat sample requested from the referring
physician. For prenatal and oncology samples where a repeat
sample may not be available, the laboratory should attempt DNA
re-extraction and/or purification and perform the array assay.
Improvement approaches may include increasing the DNA input
in the assay for certain sample types (e.g., FFPE samples) or whole-
genome amplification, provided that the laboratory has expertise
with this method and potential biases inherent in the technique
are detailed in the report. Laboratory policies and protocols
should describe when and how whole-genome amplification is
performed.

A surgical pathologist should evaluate FFPE samples to assess
tissue quality and select an area from the tissue block that
contains ample (suggested minimum of 25%) tumor or villi from
products of conception to avoid masking copy-number changes in
the tissue of interest by DNA from the normal tissue or maternal
decidua, respectively.

DNA extraction, purification, measurement, and amplification with
different sample types

DNA extraction methods should ensure the highest-quality DNA
possible from the sample type(s) tested by the laboratory. FFPE
samples present unique challenges for generating high quality
DNA from the tissue of interest. Written protocols should be
available in the laboratory procedure manual and/or quality
management program for optimizing DNA extraction and
labeling, DNA quantification (e.g., fluorometer, spectrophot-
ometer), DNA quality and concentration, DNA fragmentation
(e.g., via sonication or enzymatic digestion), fluorescent labeling
(e.g., examination by gel electrophoresis, visual inspection,
ultraviolet/visible spectroscopy), and amplification. For any label-
ing method, acceptable ranges should be determined for proper
dye incorporation. Protocols for optimization, e.g., re-extraction,
re-purification, tumor cell enrichment for hematological samples
(cell sorting or magnetic bead enrichment), and/or microdissec-
tion for paraffin-embedded tissue, should be available as
appropriate. Laboratories should be aware that fixatives other
than formalin may influence DNA quality and that decalcification
of bony tumors may adversely affect DNA quality.

Equipment calibration, maintenance, and quality control

Equipment, instrumentation and methodologies employed during
the validation and use of microarray platforms should be
calibrated, receive regular maintenance, and be monitored for
QC. Quality metrics should be established for each step of the
assay. Laboratories should ensure that data are processed and
summarized in a consistent fashion for every clinical analysis. Most
analysis software provides a hierarchy of users with customizable
permissions, which enables the laboratory to prevent modification
of analysis settings so that sample analysis is consistent. Any
changes to data processing should be validated and documented.
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Quality control metrics

Every microarray platform has defined quality metric values, e.g.,
adequate dye incorporation and/or amplification, fluorescence
intensities variance, signal-to-background-noise ratio, and stan-
dard deviation or standard error. Standard cutoff values and
acceptable limits should be established for these metrics to ensure
that the generated results are reliable and sufficiently precise to
be used for a clinical assessment. Quality metrics should be
monitored for DNA labeling, hybridization efficiency, data
generation and analysis, and other platform-specific parameters.
QC metrics should be incorporated into the laboratory QA and
quality improvement programs to monitor analytical variables.

Microarray content

It is not feasible for a laboratory to validate the identity and copy-
number performance of every probe on a microarray. The
laboratory should obtain documentation from the microarray
manufacturer that the probes on each microarray are the intended
sequences, located appropriately by the software, empirically
selected for appropriate copy-number responsiveness and/or SNP
allele specificity, and stable for these assessments from lot to lot.

Data quality

The quality of the data will affect the ability to detect genomic
aberrations; thus, the laboratory needs to understand the within-
array metrics provided by the analysis software and how each
metric reflects the quality of the data. One metric that provides a
measurement of noise or random variance unrelated to genomic
location in the data is the derivative log2 ratio. The derivative log2
ratio is the difference between the log2 ratio values of consecutive
probes. Similar metrics of variance exist for each platform. Data
quality may be assessed using platform-specific parameters.

The laboratory should establish acceptable ranges for each QC
metric chosen to assess data quality. The manufacturer often
provides these ranges; however, the laboratory may want to
modify these ranges based on their experience with the
microarrays during the validation process. The ranges may differ
for different sample types. The laboratory policies should describe
the appropriate follow-up procedure, should the data fall outside
of these established ranges.

Annotation/databases

An integral part of the data analysis is accessibility and use of
private and public annotations/databases during the analysis
process. Because these annotations are critical for interpretation, it
is important that these tools are carefully constructed and applied
by the laboratory or software manufacturer. Critical annotations
should be versioned and updated regularly. The manufacturers
should provide mechanism(s) for updates to these annotations.
For all reportable calls, the genomic content may need to be
verified by an independent database source (e.g., UCSC Genome
Browser). Documentation of resources and databases accessed for
interpretation is recommended.

Verification of new lots of microarrays and/or reagents

Verification should ensure that new lots of microarray slides and/
or reagents perform in the same manner as the previous lot. The
laboratory should have documentation of the microarray slides
manufacturing QC (e.g., oligo synthesis verification, accuracy of
SNP calls, or other defined control parameters). A new lot of
microarray slides should be tested to ensure equivalency,
preferably using a patient specimen with an abnormal result that
has been tested on a previous lot. New lots of reagents (e.g., new
labeling kits and consumables) should have documented equiv-
alency between runs. This may be accomplished by documenting
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that the QC metrics meet certain set parameters for the new lot of
reagents.

Confirmation of specific copy-number changes

With proper technical performance and analytical validation,
it should not be necessary for the performing laboratory to
further confirm a copy-number change called with the
laboratory-validated parameters, after the validation stage. Each
laboratory should establish a threshold (number of probes and/or
genomic size, as well as other QC metrics) for declaring what
constitutes a reportable abnormality with their assay. Features to
keep in mind when assessing copy-number changes are the
appropriate log2 ratio difference between data, the presence of
uniform contiguous probe behavior within and adjacent to call,
sharp copy-number state transitions at breakpoint boundaries,
supportive SNP allele states (when applicable), and evaluation of
least processed log2 ratio data (e.g, weighted versus not
weighted). Any call-specific quality score provided by the software
may be considered.

Since it is desirable to maximize detection of aberrations
involving clinically significant genes and of aberrations in mosaic
form (which may not generate a robust copy-number call), it is
acceptable and appropriate at the discretion of the performing
laboratory to evaluate calls that do not meet the laboratory-
validated parameters. These calls may be flagged for review and
correlated with the patient’s clinical indication, and when
appropriate, should be confirmed by an independent methodol-
ogy if reported.

QUALITY ASSURANCE

Laboratory accreditation and personnel qualifications

Laboratory personnel must have documentation of education,
degrees, and certifications as appropriate for the level of testing,
as well as training, competency assessments, and continuing
education as required by appropriate regulatory bodies, e.g.,
College of American Pathologists (CAP), CLIA, and Center for
Medicare and Medicaid Services (CMS). The testing laboratory
must have CLIA certification and state certifications as required to
provide clinical testing. CAP accreditation is strongly encouraged.

Indications and ordering for microarray analysis of neoplastic
disorders
Microarray analysis of tumors should be limited to specimens that
contain ample tumor. The sample should be accompanied by an
appropriate indication for the test. Clinical testing may be limited
to neoplastic disorders for which unbalanced genomic abnorm-
alities and/or CN-LOH are well documented to have diagnostic,
prognostic, and/or therapeutic implication(s). Microarray analysis
may not be optimal for tumor surveillance or detection of minimal
residual disease depending on the limit of detection of the
aberration and the ability to use more sensitive methods for
monitoring. When applicable, alternative methods should be
recommended to monitor patient response to treatment and for
residual disease detection (e.g., FISH and/or gPCR). A clonal
abnormality identified and confirmed at diagnosis may be used
for follow-up. The same method used for confirmation (e.g., qPCR
or FISH) is recommended for use in follow-up studies.
Laboratories may facilitate appropriate ordering by providing a
directive or disease-specific testing menu. The test requisition
should provide sufficient clinical and/or pathological information
for the laboratory to assess the appropriateness of the test order.

Proficiency testing

The laboratory should participate in proficiency testing (PT) for
sample and tumor types that are included in the laboratory test
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menu by participating in an external PT program when available
through an appropriately deemed organization (e.g., CAP). In
addition, the laboratory may establish external PT of normal and
abnormal specimens by the exchange of DNA, in a blinded
manner, with another laboratory performing microarray testing.

The laboratory should also establish internal PT of normal and
abnormal samples as part of the laboratory internal QA program
and ongoing quality improvement program. Correlation between
microarray results run in parallel on different microarray platforms
or correlation of microarray results with conventional cytogenetic
and/or FISH results may be sufficient to provide ongoing
proficiency. PT should be performed according to the CLIA 1988
guidelines.

Documentation of participation and the performance results of
internal and external PT must be retained by the laboratory and
made available to all accreditation agency inspectors. Failure to
achieve agreement on external or internal proficiency tests should
be documented and followed by investigation of the discrepancy
with resolution. If indicated, appropriate remediation should be
undertaken.

Turnaround time

Laboratory policies should define acceptable standards for
microarray analysis test prioritization and turnaround times.
Turnaround time should be clinically appropriate so the results
are available for patient care management decisions. It is
suggested that 90% of cases should have a final written report
by 21 calendar days.

Documentation of problems

A logbook, database, or sample processing form should be
created and used to track problems that may occur throughout
the processing of samples, from sample intake to final report (e.g.,
sample adequacy and/or errors). Data from the QC metrics
program can provide information for oversight of all processes.
Ongoing collection of sample or process variances allows patterns
or trends to be recognized and promptly addressed.

USE OF ALTERNATIVE TECHNOLOGIES FOR MECHANISM
DETERMINATION

Determination of the mechanism leading to the detected copy-
number change may be considered on a case-by-case basis
because this may lead to better determination of recurrence risk in
constitutional studies and provide clinically useful information in
neoplastic cases (e.g., confirmation of gene fusion). Some
mechanisms can be identified through the combination of both
the copy-number change(s) and recognition of the genomic
location of the altered material, or the genomic structure
surrounding the alteration. Examples include unbalanced translo-
cations and insertions, iso- or isodicentric chromosomes, and ring
or marker chromosomes. The appropriate alternative technology
may depend on the size, type, and location of the identified copy-
number change(s) and the likely mechanism of formation.
Therefore, use of these alternative technologies should be
considered as separate testing and should use validated
technologies performed and interpreted by appropriately trained
personnel.

INTERPRETATION AND REPORTING

For further guidance on interpretation and reporting, refer to the
published “Technical standards for the interpretation and report-
ing of constitutional copy-number variants”' and “Technical
laboratory standards for interpretation and reporting of acquired
copy-number abnormalities and copy-neutral loss of heterozyg-
osity in neoplastic disorders”'? as well as “Standards and
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guidelines for documenting suspected consanguinity as an
incidental finding of genomic testing.”3¢

METHODOLOGY AND DISCLAIMERS

All reports should include a brief description of the methodology,
including platform specifics and reporting criteria. Disclaimers
should be included as appropriate and required.

Example: testing limitations

Current microarray analysis technologies will detect only gains
and losses of genomic regions. Therefore, a normal microarray
result does not exclude single nucleotide variants (SNVs) or
insertions/deletions (indels) not covered by the platform, gains
and losses below the level of resolution of the platform, a
balanced rearrangement, or epigenetic events. Additional testing
may be appropriate for certain syndromes or conditions when the
microarray analysis yields normal results.

Alternative example

This microarray platform will not detect truly balanced chromo-
somal rearrangements, single nucleotide variants (SNVs) or
insertions/deletions (indels) not covered by the platform, or
imbalances of regions not represented on the microarray, and
may not detect mosaicism. Failure to detect an alteration at any
locus does not exclude all anomalies at that locus.

Example: disclaimer for a non-FDA-approved microarray platform

This test was developed and its performance characteristics
determined by (your laboratory name here) as required by the
Clinical Laboratory Improvement Act (CLIA) 1988 regulations. It
has not been cleared or approved for specific uses by the US Food
and Drug Administration. Pursuant to the 1988 CLIA requirements,
this laboratory has established and verified the test’s accuracy and
precision.

RETENTION OF FILES AND DOCUMENTATION

Laboratories should be explicit in their policies as to which file
types and for what length of time each type will be retained and
that data retention policy must be in accordance with local, state,
and federal requirements. CLIA regulations (section 493.1105)
require storage of analytic systems records and test reports for at
least two years. For more specific suggestions for microarray
technologies, we recommend that the laboratory consider a
minimum of 2-year storage of a file type that would allow
regeneration of the primary results as well as reanalysis with
improved analytic pipelines. In addition, laboratories should
consider retention of the aberrations identified in the analysis,
along with the final clinical test report interpreting the subset of
clinically relevant variants, for as long as possible, given the
likelihood of a future request for reinterpretation of variant
significance.

CONCLUSIONS

CMA technologies provide a high-resolution copy-number view of
the whole genome. The clinical application of this technology for
constitutional and neoplastic disorders requires extensive clinical
validation to ensure the results reported to the health-care
provider are accurate and reliable for patient care decision
making. The technical laboratory standards described here
provide detailed guidance for performing this validation, including
considerations for pre- and postnatal constitutional and neoplastic
applications.

SPRINGERNATURE

Medical laboratory professionals must be prepared to identify,
interpret, and report results with clinical relevance while being
mindful of the social, ethical, and legal responsibilities of reporting
genetic information. The interpretation of the data from
microarray analysis into clinically relevant information is a difficult
and complex undertaking. No algorithm for copy-number change
interpretation can substitute for adequate training and knowledge
in the fields of medical genetics, pathology, and oncology. We
recommend that CMA analysis be performed in laboratories
overseen by individuals with appropriate professional training (i.e.,
certified by the American Board of Medical Genetics and
Genomics [ABMGG] in clinical cytogenetics, clinical molecular
genetics or laboratory genetics and genomics or certified by the
American Board of Pathology in molecular genetic pathology) and
that the interpretation and reporting of clinical microarray findings
be performed by these same certified individuals.
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Disclaimer: This technical standard is designed primarily as an educational resource for clinical laboratory geneticists to help them provide quality clinical
laboratory genetic services. Adherence to this standard is voluntary and does not necessarily assure a successful medical outcome. This standard should not be
considered inclusive of all proper procedures and tests or exclusive of other procedures and tests that are reasonably directed to obtaining the same results. In
determining the propriety of any specific procedure or test, the clinical laboratory geneticist should apply his or her own professional judgment to the specific
circumstances presented by the individual patient or specimen. Clinical laboratory geneticists are encouraged to document in the patient’s record the rationale
for the use of a particular procedure or test, whether or not it is in conformance with this standard. They also are advised to take notice of the date any particular

standard was adopted, and to consider other relevant medical and scientific information that becomes available after that date. It also would be prudent to

consider whether intellectual property interests may restrict the performance of certain tests and other procedures.

Purpose: Copy-number analysis to detect disease-causing losses
and gains across the genome is recommended for the evaluation of
individuals with neurodevelopmental disorders and/or multiple
congenital anomalies, as well as for fetuses with ultrasound
abnormalities. In the decade that this analysis has been in

Results: This update introduces a quantitative, evidence-based
scoring framework; encourages the implementation of the five-
tier classification system widely used in sequence variant
classification; and recommends “uncoupling” the evidence-
based classification of a variant from its potential implications

widespread clinical use, tremendous strides have been made in
understanding the effects of copy-number variants (CNVs) in both
affected individuals and the general population. However, con-
tinued broad implementation of array and next-generation
sequencing-based technologies will expand the types of CNVs
encountered in the clinical setting, as well as our understanding of
their impact on human health.

Methods: To assist clinical laboratories in the classification and
reporting of CNVs, irrespective of the technology used to identify
them, the American College of Medical Genetics and Genomics has
developed the following professional standards in collaboration
with the National Institutes of Health (NIH)-funded Clinical
Genome Resource (ClinGen) project.

INTRODUCTION

Genome-wide assessment of copy-number variants (CNVs),
including losses (deletions) and gains (duplications and

for a particular individual.

Conclusion: These professional standards will guide the
evaluation of constitutional CNVs and encourage consistency
and transparency across clinical laboratories.

Genetics in Medicine (2020) 22:245-257; https://doi.org/10.1038/s41436-
019-0686-8

Keywords: copy-number variant; interpretation; classification;
CNV; scoring metric

triplications), is recommended as a first-tier approach for the
postnatal evaluation of individuals with intellectual disability,
developmental delay, autism spectrum disorder, and/or multiple
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congenital anomalies, as well as for prenatal evaluation of
fetuses with structural anomalies observed by ultrasound.'~ For
over a decade, CNV analysis by chromosomal microarray
(CMA) has been broadly implemented in the clinical setting for
detection of genomic imbalances at a much higher resolution
than conventional cytogenetic methods (e.g., G-banded kar-
yotype). In some cases, exon-focused array designs have also
been used for detecting CNVs involving individual genes
associated with monogenic disorders. More recently, next-
generation sequencing (NGS)-based CNV analysis is increas-
ingly used in clinical testing through genome, exome, or gene
panel sequencing. Together, these methods have enabled
genome-wide detection of CNVs, ranging in size from single
exons to whole chromosomes in clinically affected individuals,
as well as in the general population.

Though many recurrent CNVs (such as those flanked by
segmental duplications) have been well characterized, most
CNVs are unique, requiring further investigation to determine
their potential clinical significance. This can be challenging
for several reasons, including absent, limited, or conflicting
associations with clinical phenotypes described in published
literature and genomics databases. Accurate clinical inter-
pretation of CNVs requires consistent methods of evaluating
the genomic content of a CNV region and correlating clinical
findings with those reported in the medical literature, with the
ultimate goal of producing consistent, evidence-based clinical
classification across laboratories.* Inconsistency among
laboratories can create confusion for clinicians and their
patients, leaving them unable to confidently use genetic
information to manage health-care decisions.” Standards that
are widely available, up-to-date, and flexible enough to
incorporate lessons learned from the ever-evolving genomics
knowledge base should help to reduce discordance in clinical
classifications.

METHODS
To assist in the evaluation of CNVs and promote consistency
and transparency in classification and reporting across clinical
laboratories, the American College of Medical Genetics and
Genomics (ACMG) and the National Institutes of Health
(NIH)-funded Clinical Genome Resource (ClinGen) project6
formed a collaborative working group with the goal of
updating the existing ACMG professional clinical laboratory
practice standards for evaluating CN'Vs.” The working group
held an in-person meeting in the fall of 2015 to review the
existing version of the interpretation standards’ and discuss
how laboratories had incorporated them (and any modifica-
tions) into their clinical practice, as well as new resources,
tools, and technologies that became available in the interven-
ing years. Through group consensus, evidence categories most
relevant to CNV classification were determined (including
genomic content, dosage sensitivity predictions and curations,
predicted functional effect, clinical overlap with patients in
the medical literature, evidence from case and control
databases, and inheritance patterns for individual CNVs),
and a relative weight was assigned to each. In this manner, a

246

RIGGS et al

semiquantitative point-based scoring system was developed
(described in detail in Supplemental Material 1).

Development of the new framework was an iterative
process; working group members tested the analysis metrics
using cases observed in their clinical laboratories and
provided feedback for refinement that ensured objective and
rigorous assessment of the available evidence. In 2017, after
the framework had been developed and assessed by the
working group, we identified a group of 11 additional board-
certified clinical cytogeneticists to further evaluate both the
performance of the analysis metrics and their usability in the
clinical setting. Using both the outside reviewers and the
committee members, we evaluated a total of 114 CNVs (58
deletions, 56 duplications); most CNVs (n=111) were each
evaluated by two independent reviewers. A full description of
the validation process is provided in Supplemental Material 2.
Feedback from this process led to the current version of the
scoring metrics.

Proposed criteria for the evaluation of constitutional copy-
number variants

These standards build upon the previous version” by
introducing a semiquantitative point-based scoring metric
for CNV classification. Owing to the distinct properties and
inherent differences between copy-number losses and copy-
number gains, separate scoring metrics were developed for
each (Tables 1 and 2, respectively); each scored evidence
category is labeled (1A, 1B, etc.) for easy referencing. Full
descriptions of each evidence category, including caveats to
consider while scoring and illustrative examples, are provided
in Supplemental Material 1. We strongly recommend the user
to carefully review the explanatory material provided in the
Supplement before utilizing these scoring metrics in clinical
practice. Example cases scored using the metrics are provided
in Supplemental Material 3.

As clinical laboratories incorporate more NGS-based
techniques for CNV detection and integrate results from
multiple technologies (some capable of identifying both copy-
number and sequence variants), consistency across inter-
pretation processes and reporting is critical. Thus, where
possible, evidence categories and concepts presented in this
CNV scoring system were developed to align with terminol-
ogy and processes currently utilized for clinical sequence
variant classification and interpretation.®

The point values assigned to each piece of evidence roughly
correspond to the categorical strengths of evidence present in
the sequence variant interpretation guidelines® as well as
recommendations put forth by the ClinGen Sequence Variant
Interpretation (SVI) Working Group to model the ACMG/
Association for Molecular Pathology (AMP) sequence variant
interpretation guidelines into a more quantitative Bayesian
framework;” however, it is important to note that these numbers
have not been statistically derived. In general, evidence receiving
0.90 points or higher is considered “very strong"; 0.45 points is
considered “strong"; 0.30 points is considered “moderate"; and
0.15 points or lower is considered “supporting” evidence. Scores
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for each observed piece of evidence, both in support of
(positive values) and refuting (negative values) pathogenicity,
are summed to arrive at a CNV classification. CNVs with a final
point value >0.99 are considered pathogenic, while point values
between 0.90 and 0.98 are considered likely pathogenic; this
approach aligns with the sequence variant interpretation
guidelines® (i.e., variants interpreted as pathogenic should have
a 99% level of confidence and variants interpreted as likely
pathogenic should have a 90% level of confidence). The variant
of uncertain significance (VUS) category is the broadest,
corresponding to points between —0.89 and 0.89, while refuting
evidence arriving at scores between —0.90 and —0.98, or
<—0.99 are considered likely benign and benign, respectively.

To facilitate use of this semiquantitative system, a web-
based CNV classification calculator based on these scoring
metrics is publicly available (http://cnvcalc.clinicalgenome.
org/cnvcalc/). This tool allows users to apply points for
individual evidence categories for a given CNV and will
automatically calculate the final point value and correspond-
ing CNV classification. This tool will be continually supported
and updated, allowing timely integration of new information
as it emerges.

These standards were developed for evaluating evidence in
the context of constitutional CNVs, including those detected
during postnatal or prenatal testing. Laboratories may choose
to use specific reporting practices based on factors such as
CNV classification and clinical context, and these may vary
across different test types and clinical settings (e.g., choosing
to only report likely pathogenic or pathogenic variants
associated with dominantly inherited conditions in a prenatal
setting). These specific reporting practices should be docu-
mented in the laboratory’s interpretation and reporting
protocol.

These standards do not apply to acquired CNVs in
neoplasia. In addition, this document does not address
analytical validation of CNV detection methods, which have
been addressed elsewhere, and assumes that any laboratory
using the provided standards is confident that a reported
CNV represents a true biological event.'” These standards
serve as a reference for clinicians to enable them to
understand the complexity of CNV interpretation and to
appropriately communicate test results to patients and
families. Although these standards attempt to comprehen-
sively incorporate commonly available resources and pro-
cesses used in CNV classification and interpretation, it is
important to recognize that no singular algorithm will be
applicable in all potential scenarios. The semiquantitative
scoring framework is meant to serve as a guide. Professional
judgment should always be used when evaluating the evidence
surrounding a particular genomic variant and assigning a
classification.

Recommended variant classification categories

Using the scoring metrics described in Supplemental Material
1, a laboratory geneticist should assign any CNV reported in a
patient to one of five main classification categories. It is
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strongly recommended that consistent terminology for these
categories be used in clinical reporting to facilitate unambig-
uous communication of clinical significance throughout the
medical community.

The classification categories represent a significant update
from the previous version of these guidelines.” To align
closely with recommendations in the ACMG/AMP sequence
variant interpretation guidelines® and with the manner in
which these terms are now commonly used, we have updated
the existing three-tiered system of clinical significance
(in which the term “variant of uncertain significance” had
the optional qualifiers of “likely pathogenic” or “likely
benign”) to the five-tiered system described below.

Pathogenic

Pathogenic (P) CNVs are those that score 0.99 points or
higher using the evidence scoring metric (Supplemental
Material 1). Although the full clinical effect of a CNV on a
patient’s phenotype may not be known (due to zygosity or
other reasons), the pathogenic nature of the CNV should not
be in question.

Examples of P CNVs may include (1) CNVs reported in
association with consistent clinical phenotypes across multiple
peer-reviewed publications, with well-documented penetrance
and expressivity, even if reduced and/or variable; (2) unique
CNVs that overlap completely with an established dosage-
sensitive region; and (3) multigenic CNVs in which at least
one gene is known to be dosage sensitive,'" even if the other
genes are of uncertain significance.

Except for well-established cytogenetic heteromorphisms,
this category will include most cytogenetically visible altera-
tions (generally >5Mb). In the absence of loci clearly
associated with defined genetic syndromes within the interval,
cytogenetically visible alterations should still be cautiously
evaluated, taking the gene content into consideration.

Likely pathogenic

Likely pathogenic (LP) CNVs are those that score between
0.90 and 0.98 points using the evidence scoring metric. In
general, these variants have strong evidence to suggest that
they will ultimately be determined to be disease-causing, but
not enough yet to definitively assert pathogenicity. Several
evidence types outlined within the scoring metrics could be
combined to reach the LP point threshold. However, some
particularly strong pieces of evidence may result in the CNV
being classified as LP without the need for additional evidence
(although additional information could be added to bring the
classification to P). Examples of this type of evidence may
include (1) deletions involving the 5 end (plus additional
coding sequence) of established haploinsufficient (HI) genes
(in scenarios where there are no known alternative start sites)
(category 2C-1, deletion metric); (2) deletions involving
multiple exons (through the 3’ end of the gene) in an
established HI gene (category 2D-4); and (3) deletions or
duplications involving genes with multiple case reports
reported in consistent, highly specific phenotypes.
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Uncertain significance

Variants of uncertain significance (VUS) are those that score
between —0.89 and 0.89 points using the evidence scoring
metric. This represents a broad category and may include
findings that are later demonstrated with additional evidence
to be either pathogenic or benign. Some CNVs in this
category may have more evidence than others to indicate
involvement in disease and the likelihood of additional
evidence surfacing through published literature may be
higher. However, at the time of reporting, if insufficient
evidence is available for confident determination of definitive
clinical significance and the CNV meets the reporting criteria
established by the laboratory, the CNV should be described as
a variant of uncertain significance.

Examples of VUS may include (1) a CNV that exceeds a
laboratory’s size threshold for reporting but has no genes in
the affected genomic interval (category 1B); (2) a CNV
described in a small number of cases in the general
population, but not at a high enough frequency to be
considered a polymorphism (>1%) (category 40O, with a
downgraded score due to frequency); (3) a CNV that
contains a small number of genes, but it is not known
whether the genes in the interval are dosage sensitive
(category 3A); (4) a CNV described in multiple contra-
dictory publications and/or databases, without firm conclu-
sions regarding clinical significance (multiple categories); (5)
a CNV within an individual gene (category 2E, deletion
metric, and 2I, duplication metric) with an unclear effect on
the transcript reading frame.

Likely benign

Likely benign (LB) CNVs are those that score between —0.90
and —0.98 points using the evidence scoring metric. In
general, these variants have strong evidence to suggest that
they are likely not involved in Mendelian disease, but do not
yet have enough evidence to state this definitively.

Examples of LB CNVs may include (1) variants with no
statistically significant difference between observations in
cases and controls (category 4N), and (2) variants observed
frequently in the general population (although at a lower
frequency than 1%, a conventionally accepted threshold for a
common polymorphism [category 40]).

Benign

Benign CNVs are those that score —0.99 or fewer points
using the evidence scoring metric. These CNVs have
typically been reported in multiple peer-reviewed publica-
tions or annotated in curated databases as benign variants,
particularly if the nature of the copy-number variation has
been well characterized (e.g., copy-number variation of the
salivary amylase gene'’) and/or the CNV represents a
common polymorphism. To qualify as a benign polymorph-
ism, the CNV should be documented in >1% of the
population. It is important to carefully consider dosage of
the CNV documented as a benign variant, given, for
example, that duplications of some regions may be benign,
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whereas deletions of the same interval may have clinical
relevance.

Reporting guidelines for copy-number variants in the
constitutional setting

In recent years, innovations in microarray and NGS
technologies have expanded the diagnostic application of
clinical CNV analysis and interpretation from chromosomal
microarrays to single- and multigene sequencing panels, and
exome or genome sequencing. Each of these tests may have
distinct clinical reporting specifications. The following
recommendations describe elements of a clinical laboratory
report that are necessary to precisely describe the nature of a
CNV and clearly communicate the evidence related to its
classification and clinical significance. Other required ele-
ments of a clinical report (e.g., methodology and relevant
disclaimers) are outlined in detail in the ACMG Technical
Standards and Guidelines.

Reporting criteria

The laboratory report should include a description of the
criteria used for both inclusion of a CNV in the report (e.g.,
classification type, CNV size) and classification of the CNV
(e.g., the scoring metrics included in this document).
Laboratories may or may not choose to disclose benign or
likely benign CNVs, and this should be indicated in the report
and their laboratory reporting protocol.

Description of each CNV detected

Each CNV should be described with the elements below.
Appropriate nomenclature from the International System for
Human Cytogenomic Nomenclature (ISCN) or the Human
Genome Variation Society (HGVS) should be included in the
report, but should not serve as a substitute for a clear
description of the genomic imbalance for clinical profes-
sionals unfamiliar with these conventions.

® Cytogenetic location (chromosome number and cytoge-
netic band designation).

® CNV size and linear coordinates with the genome build
specified. Genomic coordinates for the minimum pre-
dicted interval should be specified. When applicable,
particularly when gene content of the CNV is unclear, the
maximal genomic coordinates may also be provided.

e Copy-number state (e.g., single-copy gain or loss) with
CNV mechanism specified when understood (e.g., tandem
duplication). Assessment of mechanism may require
additional testing methods.

e For intragenic CNVs: Appropriate naming conventions in
this scenario may be dependent on the platform used to
detect these variants. If the variant is identified using
NGS-based technologies, HGVS nomenclature may be
preferable, including gene name (using valid Human
Genome Organisation Gene Nomenclature Committee
[HGNC] nomenclature), transcript, and exons involved. If
the variant is identified using CMA, ISCN nomenclature
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is generally recommended. The naming convention
selected should recognize a location, genomic content,
and certainty or uncertainty of precise breakpoints.

Designation of genes in CNV interval

To the extent feasible, genes involved in a CNV should be
specified in the laboratory report. For large imbalances,
particularly those with well-established clinical significance, it
is acceptable to provide only the name of the corresponding
syndrome and/or the most clinically relevant genes in the
interval. For CNVs of uncertain significance, it is suggested
that all validated/curated (i.e., not predicted or hypothetical)
genes in the interval be included, when possible, to facilitate
periodic reviews of relevant medical literature. The incorpora-
tion of links to websites that list the genes in an interval is not
recommended because the links may not faithfully direct the
clinician to the appropriate gene content in the future. If all
genes in the interval are not listed on the report, it is suggested
that at least the total number of genes in the CNV interval be
provided to highlight the extent of genomic imbalance; other
potentially clinically relevant elements may also be noted.

Clear statement of variant classification and clinical
significance

Regardless of the type of variant being assessed (CNV,
sequence variant, etc.), determining a variant’s classification
should be performed independently from determining how it
contributes to the diagnosis of the individual in whom it is
discovered. Uncoupling variant classification (P, LP, etc.)
from clinical significance in the context of an individual
patient’s diagnosis is key to objective and consistent
interpretation of genomic variants. While the phenotype of
the proband should be taken into account when assessing
evidence supporting the pathogenicity of a CNV, classification
should not be solely driven by the presentation of the patient
under investigation (without consideration of other available
evidence). For example, there is compelling evidence in the
literature that deletion of a particular gene results in disease X;
a laboratory evaluating a deletion of this gene is able to reach
0.99 points using the scoring metric, suggesting a classifica-
tion of pathogenic. The laboratory should not then disregard
all previously collected evidence and classify the variant as
“uncertain significance” solely because their patient did not
display features of disease X.

The classification of a particular variant should be
based upon the evidence available to support or refute its
pathogenicity at a given point in time; that body of evidence is
ostensibly the same for every patient found to have that
variant at that same point in time. As such, the variant should
receive the same variant classification (P, LP, VUS, etc.),
regardless of the clinical significance it has for each patient
(which may differ). For example, there is substantial evidence
demonstrating that a particular gene on the X chromosome
causes disease via a loss-of-function mechanism. Given the
body of evidence, deletions involving this gene should receive
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the classification of pathogenic each time they are observed,
regardless of whether they are observed in hemizygous males
or heterozygous females. Within the report, the laboratory
should explain the potential consequences of such a deletion
for the patient under study—in a male this variant could
represent a diagnostic finding; in a female this variant could
represent carrier status. Therefore, each description of a CNV
should include a clear statement of its classification and the
evidence supporting it, as outlined in these recommendations,
as well as the clinical significance of that variant for the
patient being tested. See Supplemental Material 4 for
examples of how these concepts may be conveyed during
reporting.

Special considerations regarding reporting: clinically
significant findings unrelated to the reason for referral
Occasionally, a CNV may be identified that, although
unrelated to the patient’s reason for referral, may indicate
presymptomatic status for a late-onset disorder or may
reveal an ongoing clinically unrecognized condition (i.e.,
an incidental finding'’). Some examples of these include
deletions involving known tumor suppressor genes,'* male
infertility due to deletions involving the AZF region on the
Y chromosome,'” a deletion disrupting a gene for hereditary
spastic paraplegia in a child referred for autism,'® etc. It is
often not possible to specifically avoid interrogation of the
types of loci mentioned in the aforementioned cases,
because such findings may occur as part of a large CNV
involving multiple genes. It is impractical to provide a
predefined list of all possible diagnoses to allow a patient to
consent specifically to the interrogation of and reporting
for each disorder. Therefore, referring clinicians must
have a clear understanding of the potential for these
discoveries, and patients/families should be duly informed
before test ordering. An informed consent process is
strongly recommended.

It is recommended that P or LP CNVs indicative of
presymptomatic status be reported to facilitate appropriate
and timely access to medical care. Individual laboratories may
adopt nondisclosure policies for specific conditions and state
them as such in their clinical reports.

The ACMG Secondary Findings Working Group has been
established to identify genes “associated with highly penetrant
genetic disorders and established interventions aimed at
preventing or significantly reducing morbidity and mortal-
ity.”'> When evaluating CNVs involving these genes, it is
important to remember the mechanism of disease associated
with each. If haploinsufficiency or triplosensitivity is not an
established mutational mechanism for a specific gene, a
deletion or duplication is not likely to be clinically relevant. If
the mechanism of disease is consistent with haploinsufficiency
or triplosensitivity, these CNVs should be reported. Dosage
sensitivity evaluations of the genes currently on the ACMG
secondary findings list are available at the following link:
https://www.ncbi.nlm.nih.gov/projects/dbvar/clingen/acmg.
shtml.
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Clinically significant findings seemingly unrelated to the
reason for referral represent another situation where it is
important to separate the variant classification from clinical
correlation. Historically, the reason for referral has influ-
enced the CNV interpretation process; anecdotally, variants
with clear evidence for pathogenicity have been classified as
VUS because they did not “explain” the patient’s stated
reason for referral. The reasons for referral provided to
laboratories may not always represent a complete picture of
the patient’s phenotypic features, and assumptions that a
patient does or does not have a particular feature are not
prudent without appropriate consultation with the referring
clinician. Open channels of communication between the
laboratory and the ordering physician are critical to guide
clinical correlation.'”

It is certainly appropriate to consider available phenotype
information about a given patient as evidence in variant
evaluation; if the patient undergoing testing has a phenotype
that is consistent with the described phenotype for an
observed CNV, this may be considered evidence supporting
pathogenicity. It is not appropriate, however, to provide a
different classification for the same CNV simply because it
was identified in an individual with a different reason for
referral. For example, there is substantial evidence demon-
strating that loss-of-function variants in gene X result in
hearing loss. If a laboratory observes a deletion of this gene in
an individual referred for hearing loss, and the exact same
deletion in another individual referred for speech delay, they
should not interpret that variant as P in the former case and
VUS in the latter. The variant should be classified as P in both
instances. The variant is directly relevant to the reason for
referral in the individual with hearing loss, but may represent
an incidental finding or an explanation for an unobserved/
unreported phenotype in the second. The pathogenicity of the
variant, however, should not be in question given the depth of
the supporting evidence. The reason for referral alone should
not be used to justify varying classifications for the same CNV
in different individuals.

Special considerations regarding reporting: carrier status

Detection of some CNVs, particularly deletions, will indicate
carrier status for autosomal recessive or X-linked disorders
mapping within the CNV interval. Although exhaustive
reporting of carrier status may be considered difficult to
standardize and beyond the intended scope of genome-wide
microarrays (particularly for very large multigenic events),
improvements in informatics could support reporting of such
information in the future. Individual laboratories may choose
to adopt specific disclosure policies for recessive conditions. If
a laboratory chooses to include a list of carrier alleles, its
reports should clearly separate the primary CNV results
related to the reason for referral from a secondary list of
carrier status alleles. If carrier status is not routinely assessed,
reports should clearly state that carrier status may not be
disclosed, and that any clinical concern for recessive disorders
should be communicated to the reporting laboratory for
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appropriate consideration. There are some situations when
disclosure of carrier status is recommended:

1. Well-characterized disorders where loss of function is the
established disease mechanism. In such cases, there may
be justification for reporting carrier status to provide
opportunity for reproductive counseling and additional
testing in the proband or relevant family members,
particularly when the carrier frequency is reasonably
high, and/or screening is commonly available (e.g., cystic
fibrosis). It should be recognized that these disclosures
will represent serendipitous findings, and no claim should
be made to the ordering clinician or patient that this test
will routinely detect carrier status for any condition.

2. Disorders with clinical features consistent with the
patient’s reason for referral. In such cases, a laboratory
may have identified a CNV that represents one allele of
an expected pair consistent with the referral diagnosis.
The laboratory may then recommend ancillary molecular
testing for this disorder in an effort to identify the other
disease-causing allele. This should be restricted to well-
described disorders with clear clinical consequence. The
report should clearly state the recessive nature of the
condition, and that the CNV is not diagnostic of affected
status without confirmation of a second pathogenic
variant.

3. CNVs involving dosage-sensitive genes on the X
chromosome in females. Given the significant reproduc-
tive risk to female carriers of X-linked conditions, we
recommend reporting these variants because it provides
the opportunity for the patient and relevant family
members to pursue additional testing/counseling as
needed. Additionally, females may manifest symptoms
in many X-linked disorders; these variants may ultimately
have an impact on their medical management.

To make these nuances clearer to users of the laboratory
report, we recommend dividing the report into sections
describing primary variants considered relevant to the stated
reason for referral separately from any variants that represent
secondary or incidental findings or carrier status. Laboratories
may decide at their discretion if additional subcategories are
necessary.

Recommendation for appropriate clinical follow-up

The laboratory report should include recommendations for
any necessary further cytogenetic characterization of the
CNV, genetic counseling, and evaluation of relevant family
members as appropriate. In addition, when a CNV is of
uncertain significance, the report may include a recommen-
dation for continued surveillance of the medical literature for
new information that may alter the classification of the CNV
and provide clarification on its clinical significance. The
responsibility for monitoring the medical literature for a
specific patient lies primarily with the physician with an
ongoing patient relationship,'® but laboratories may choose to
offer amended reports when reclassifications occur.
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CONCLUDING REMARKS
Understanding the clinical relevance of CNVs is a complex,
continually evolving process that constitutes the practice of
medicine. As evident from the numerous considerations
outlined in this document, no one formula or algorithm for
CNV interpretation will substitute for adequate training in
genetics and sound clinical judgment. We recommend that
clinical reporting of constitutional CNVs be performed by
individuals with appropriate professional training and
certification (those individuals certified by the American
Board of Medical Genetics and Genomics [ABMGG] in
clinical cytogenetics, molecular genetics, and/or laboratory
genetics and genomics). In addition, given the complexity of
CNV interpretation, the different laboratory methodologies
utilized for CNV characterization, and the evaluation of
additional family members, an ideal laboratory setting for
CNV analysis should include both cytogenetic and molecular
genetic expertise.

This document for the first time lays out explicit guidance
for interpreting CNVs that occur within individual genes. As
detecting CNVs from sequencing-based platforms becomes
more commonplace, it is important that CNV and single-
nucleotide variant (SNV) analyses are appropriately aligned in
their approaches to variant classification. Ideally, a CNV
should receive the same classification whether it was detected
on a CMA or an NGS platform, and whether or not it was
interpreted by someone board-certified in cytogenetics or
molecular genetics. The recommendations presented here
(and in Supplemental Material 1) represent an initial effort to
move toward more consistent CNV interpretation between
laboratories and across technologies.

Systematic approaches to variant interpretation (such as
this one) will evolve over time, particularly as knowledge
regarding the relationships between genomic variation and
human health improve. Groups are encouraged to use this
framework as a guide, always using professional judgment
when opting to incorporate emerging knowledge, methods,
and resources, and documenting the process by which this
evidence is used to arrive at a variant classification.

To summarize, major updates from the previous document’
include:

e CNV classification categories will change to the five-tier
classification system recommended in the ACMG/AMP
sequence variant interpretation guidelines.8

® Variants should be classified consistently between
patients; while patient presentation and/or reason for
referral may be used as evidence to support a particular
classification, this information should not be used to
justify disparate classifications of the same variant.
Variant classifications should be based on evidence; at a
given point in time, evidence supporting/refuting a given
variant’s pathogenicity should be the same. Therefore, the
classification of that variant should be the same regardless
of patient-specific factors such as reason for referral, sex,
age, etc.
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® Laboratories should consider utilizing headers or subsec-
tions in the clinical report to clearly communicate primary
versus incidental or secondary findings, such as carrier
status for autosomal recessive conditions, pathogenic
variants unrelated to the stated reason for referral, etc.
(examples may be found in Supplemental Material 4).

e Explicit new guidance for interpreting CNVs occurring
within individual genes (intragenic deletions and duplica-
tions) (described in detail in Supplemental Material 1).

® DPoints-based scoring rubrics (Tables 1 and 2) to guide
laboratories toward more consistent CNV interpretations.
We anticipate that updates to these metrics will be
required as laboratories gain experience using them, and
as evidence and technologies change.

SUPPLEMENTARY INFORMATION

The online version of this article (https:/doi.org/10.1038/541436-
019-0686-8) contains supplementary material, which is available
to authorized users.
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Introduction

Previous American College of Medical Genetics and Geno-
mics (ACMG) standards addressed the documentation of
suspected consanguinity as an incidental finding of genomic
testing, when using single-nucleotide variation (formerly
single-nucleotide ~ polymorphism)-based  chromosomal
microarray (CMA) and exome or genome sequencing (ES/
GS).' Those standards were developed to harmonize practices
within the clinical genetics laboratory community when
reporting regions of homozygosity (ROH) detected by
CMA.” At present, the use of CMA and ES/GS for constitu-
tional analysis of children and adults with developmental
delay, intellectual disability, congenital anomalies, and neu-
robehavioral disorders, along with prenatal specimens, is a
routine practice.””’ Because the detection of ROH is no longer
considered an incidental finding, there is an increased need to
address the bioethical, social, and legal ramifications of these
findings. Standards for the field when reporting ROH
consistent with uniparental disomy (UPD) are also
addressed.” The updated standards presented here are
designed to assist clinical laboratories in the management of
CMA and ES/GS findings that suggest parental consanguinity
or UPD, with an emphasis on detection and reporting results
back to the ordering clinician. The standards are not intended
to address CMA and ES/GS findings in neoplastic testing.

Methods

The workgroup tasked with this update comprised laboratory
geneticists, clinical geneticists, genetic counselors, and a law
professor trained in bioethics. This technical laboratory
standard was informed by a targeted review of the literature
and current guidelines. Resources consulted included
PubMed and relevant ACMG guidelines. The workgroup
members also used consensus expert opinion and empirical
data to inform their recommendations. Conflicts of interest for
workgroup members were reviewed per ACMG policy and
are listed at the end of the paper. The ACMG Laboratory
Quality Assurance Committee reviewed the document,
providing further input on the content, and a final draft was
presented to the ACMG Board of Directors for review and
approval to post on the ACMG website for member comment.
Upon posting to the ACMG website, an email and a link were
sent to all ACMG members inviting participation in the 30-
day open comment process. All members’ comments and
additional evidence received were assessed by the authors,
and these recommendations were incorporated into the
document as deemed appropriate. Member comments and
author responses were reviewed by representatives of the
ACMG Laboratory Quality Assurance Committee and the
ACMG Board of Directors. The final document was approved
for publication by the ACMG Board of Directors.

Significance of ROH

Most CMA platforms use a combination of probes
designed to assess copy number and probes to genotype
single-nucleotide variations. In addition to copy number
changes (ie, deletions, duplications, amplifications), these
array platforms can identify ROH, often in the form of 1 or
more long contiguous stretches of homozygosity. Detec-
tion of ROH is also possible using next-generation
sequencing methods, including ES/GS.”'” These autozy-
gous segments, synonymous with identity by descent
(IBD), originate from a common ancestor and may indicate
a consanguineous relationship between the proband’s
parents.'” Consanguinity confers increased homozygosity,
which leads to an increased risk of autosomal recessive
(AR) disorders.'* The detection of ROH can lead to the
identification of AR candidate loci.'™''® When observed
on a single chromosome, large ROH can be indicative of
UPD.'® More commonly, when unique ROH are observed
to be distributed throughout the genome, they represent
segments of autozygosity/IBD. Detection of ROH and
UPD by these platforms has become a useful clinical tool
in the diagnosis of patients with genetic/genomic disor-
ders.'” In a study with a large population of patients tested
for a broad range of clinical conditions, including intel-
lectual disability and congenital anomalies, approximately
4.4% of tested samples (651/14,574 consecutive cases)
showed multiple ROH of >10 Mb in length suggesting
IBD, and ~1.2% showed ROH of >10 Mb on a single
chromosome suggestive of UPD.'® However, the fre-
quency of UPD in newborns is estimated to be quite rare,
~1 in 3500 births (0.029%)."" Effects of UPD can vary
based on whether the chromosome in question is imprinted
(eg, chromosome 15 and Prader-Willi or Angelman syn-
drome)® or if the presence of 2 identical copies of a
parental chromosome can unmask deleterious recessive
alleles and lead to AR disorders (eg, neonatal diabetes
mellitus and congenital hypothyroidism; GLIS3 at
9p24.2).° Detection of these homozygous regions by CMA
may lead to a recommendation of additional diagnostic
confirmation by ES/GS'®*" or molecular confirmation of
putative UPD.”' Results obtained may reveal a familial
relationship or consanguinity between parents. The find-
ings may provide evidence of abuse, especially if 1 parent
is a minor at the time of conception, vulnerable, or intel-
lectually disabled.'>?> However, laboratories should
consider the possibility of marriage between first cousins,
which is legal in many states within the United States and
practiced in many cultures.”” It is estimated that approxi-
mately one-fifth of the global population resides in com-
munities in which consanguineous matches are traditional
and a cultural norm. Such populations include, but are not
limited to, Middle Eastern, East Indian, and North African
ancestry.B’26
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Detection of Consanguinity

The clinical suspicion for an AR etiology should be high
when evaluating a child referred to genetics with clinical
signs and symptoms of an illness, born to healthy consan-
guineous parents.”’ Genomic regions that are IBD originate
from a common ancestor, and the proportion of the genome
that is autozygous correlates with parental relatedness. The
average proportion of the autosomal genome that is IBD in
offspring of related parents is given by the coefficient of
inbreeding (F).28 For example, on average, 6.25% (1/16th)
of the genome in an offspring of first cousins (F = 1/16) is
IBD. Given these percentages of IBD, the offspring of first-
cousin (F = 1/16) and double-first-cousin (F = 1/8) mating
will be identified by ROH in CMA and ES/GS testing.
While the coefficient of inbreeding provides a theoretical
value,” significant deviations from the expected values do
occur.

Because smaller ROH (<3 Mb) spread throughout the
genome are common even in outbred populations, labora-
tories typically set a size threshold of >3 to 5 Mb under
which segments are not considered significant.'****" The
size threshold may be platform-dependent; for example, it
has been demonstrated that lower density microarrays may
overestimate ROH,'®" so for lower density arrays a larger
size threshold may be needed. Hypothetically, in the
offspring of a second-cousin mating, an average of four 12.5
Mb ROH per genome will be present, although both the
number and the size of homozygous segments can be highly
variable.”® When ROH involving multiple chromosomes is
present, the percentage of the genome that is IBD can be
estimated by the sum of the sizes of the homozygous seg-
ments divided by the total autosomal genomic length
(approximately 2881 Mb for GRCh37/hgl9). The sex
chromosomes are typically excluded from the calculation as
males have 1 X and 1 Y chromosome and therefore cannot
have homozygosity at any locus outside of the pseudoau-
tosomal regions. This calculation is likely an underestima-
tion of the actual percentage of the genome that is IBD
because only those segments of homozygosity meeting the
size threshold set by the laboratory may be flagged for in-
clusion in the calculation.'” This percentage can then be
compared to the theoretical value derived from the coeffi-
cient of inbreeding for any given parental relationship.”®

Because recombination during meiosis is a somewhat
random process, the variation from the theoretical value
increases with each meiosis,25 such that in some cases, third
cousins may share more DNA sequences than second
cousins. Even among the progeny of first cousins, in whom
the average percentage of the genome that is IBD is 6.25%,
the standard deviation is 2.43%.”® These expected percent-
ages are based on a single common ancestor in an outbred
population; however, multiple loops of consanguinity or
multiple generations of breeding within a relatively closed
community could complicate the estimation of the degree of
relationship. These variations from the expected or

theoretical values are more pronounced for more distantly
related individuals and may be caused by stochastic events,
multiple loops of consanguinity, small gene pools, and un-
known family structures (adoptions, misattributed paternity,
etc).”® Certain populations that have gone through a popu-
lation bottleneck, eg, Native American populations, typi-
cally have at least 1 large ROH due to this.”> Because of
these variables, the specific familial relationship or degree of
relatedness between the parents cannot always be extrapo-
lated from the percentage of the genome that is IBD. CMA
analysis is not designed to be a paternity test nor should it be
used to definitively assign a specific relationship between
the parents of the proband.’

Concerns for abuse arise when IBD proportions suggest
that the parents of the proband are first- or second-degree
relatives, particularly when 1 parent is a minor at the time
of conception, vulnerable, or intellectually disabled. Among
the progeny of first-degree (F = 1/4; 0.25) and second-
degree (F = 1/8; 0.125) relatives, the number of meioses
separating the parents is sufficiently low, such that the
standard deviation is relatively low. Therefore, when high
percentages of the genome (>10%) are IBD and several
large segments of homozygosity are present, it is reasonable
to suspect a close parental relationship.’

Detection of UPD

UPD occurs when both homologs of a chromosome are
inherited from 1 parent, typically through defects in segre-
gation of homologous chromosomes in meiosis via
nondisjunction.”” The inheritance of 2 homologous/
nonidentical copies of a parental chromosome via nondis-
junction in meiosis I leads to heterodisomy, whereas both
nondisjunction in meiosis II and monosomy rescue can
result in isodisomy.® The most common mechanism for
UPD is trisomy rescue or reduction to disomy in a conceptus
derived from a fertilization resulting in 3 copies of a given
chromosome.”' Although rare, monosomy rescue can occur
in a conceptus with a monosomic chromosome after fertil-
ization, which is increased to disomy by duplication.'® UPD
of chromosomes with clinical relevance include chromo-
somes 6, 7, 11, 14, 15, and 20, with imprinting or parent-of-
origin effects leading to aberrant expression/repression of
certain genes or genomic regions.”

UPD is suspected based on ROH detectable by various
genomic technologies, including CMA and ES/GS.*'**'
Isodisomy is detected as a large ROH, typically on a sin-
gle chromosome, including the pericentromeric region, and
in some cases the entire chromosome.'®** In contrast, het-
erodisomy may be detected by 1 or more large ROH on a
single chromosome that does not include the pericentro-
meric region.'®** However, because UPD is not always
accompanied by large ROH, up to one-third of all UPD
cases may be undetectable using CMA.*' Recent literature
has proposed reporting criteria for different genomic testing
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platforms, including CMA®*"*> and ES/GS.® For postnatal
CMA detection of UPD, Hoppman et al’' proposed the
following: telomeric ROH cutoffs of >5 Mb for any chro-
mosome, with increased scrutiny for any possible telomeric
ROH on imprinted chromosomes; >10 Mb for interstitial
ROH on imprinted chromosomes; >15 Mb for interstitial
ROH on nonimprinted chromosomes. Hoppman et al*' did
not propose cutoffs for multiple interstitial ROH on a single
chromosome, which suggest UPD, but referred to Papen-
hausen et al'® who proposed using an additive cutoff of >15
Mb for multiple interstitiall ROH on 1 chromosome. For
prenatal CMA testing, Wang et al*> proposed the following:
presence of ROH on a single, entire chromosome (iso-
disomy), and a single large (>20 Mb) or multiple segments
of ROH on a single chromosome (uniparental isodisomy
and heterodisomy [iso/hetero UPD]). Del Gaudio et al®
discussed UPD results via ES/GS in excess of 10 Mb and
recommended that they be reported as nondiagnostic find-
ings when such findings are consented to, with recommen-
dations for confirmation by a clinically validated orthogonal
genomic assay. In any instance of possible UPD result,
follow-up testing is indicated to rule out false positives.®

Recommendations for Pretest Counseling

It is recommended that each patient/family undergoing
CMA and ES/GS testing receive pretest counseling. The
consenting process for CMA and other genomic testing
should include the possibility of revealing ROH/consan-
guinity and/or UPD.

Recommendations for Reporting Findings of
Consanguinity to the Ordering Clinician

It is important to recognize that detection of 1 or more ROH,
in and of itself, is not diagnostic for a particular genetic
disorder. However, the detection of segments that are ho-
mozygous does increase the likelihood that the proband has
inherited 2 copies of a deleterious allele for an AR disorder.
Clinicians may find utility in this knowledge if the patient’s
phenotype matches that of an AR disorder for which 1 or
more candidate genes are located within 1 of these seg-
ments.””® Because there is clinical utility in the detection
of excessive homozygosity, even when the percentage of the
genome that is IBD is quite low (<3%), many laboratories
may choose to report this finding back to the ordering
clinician to encourage consideration of recessive mecha-
nisms and facilitate autozygosity mapping in ROH desig-
nated by the clinician that may be relevant to the proband’s
phenotype.' Laboratories should set a cutoff for the per-
centage of homozygosity that is reported as excess homo-
zygosity detected. A cutoff of 2% to 3% of the autosomal
genome for reporting ROH is recommended based on the
progeny of second cousins, in whom the average percentage
of the genome that is IBD is 1.56%, using segmental ROH

cutoffs of >3 to 5 Mb to account for possible ethnicity-
specific or isolated population loops of ancestral consan-
guinity.”” Given that consanguineous matches occur
frequently in many cultures,’’’* the presence of excess
homozygosity should not be the final diagnosis for the
proband. Instead, the information may be used to help
determine the most likely regions within the genome that
harbor AR variants consistent with the proband’s pheno-
type. Laboratories may choose to include a percentage or
proportion of the genome that is homozygous in their re-
ports. In general, caution should be exercised when using an
automated calculation of the percentage of the genome that
is IBD. Some analysis programs generate this calculation
using all segments displaying ROH, regardless of size or
mechanism, which can include deletions. This automated
calculation is also typically inflated by small ROH that are
more likely representative of regions of suppressed recom-
bination or linkage disequilibrium (identity by state).
Limiting this calculation to segments >3 to 5 Mb is more
likely to result in the inclusion of segments that are truly
IBD.*° However, at the discretion of the laboratory director,
regions below the cutoff may be reported for certain cases.
In general, larger ROH may harbor diagnostic recessive
variants.” Because there is typically little phenotypic infor-
mation available to correlate between genes in putative
homozygous regions and possible homozygous variants in
fetal testing via prenatal CMA, a cutoff of ROH >5% of the
autosomal genome in fetal testing is recommended. A >5%
reporting threshold will be sufficient to cover most first-
cousin (6.25% =+ 2.43%) and closer matings28 where the
known risk of AR disorders starts to rise significantly."’

Special Considerations

The observation of a possible first- or second-degree
parental relationship, particularly when 1 parent of the
proband is known to be a minor at the time of conception,
vulnerable, or intellectually disabled, raises a suspicion for
abuse involving that parent. For pediatric specimens, labo-
ratories do not typically have information regarding the
parents’ ages, intellectual status, or family structure; there-
fore, they do not have adequate information to communicate
a suspicion for abuse to any authoritative agency. Thus,
when the percentage of homozygosity reaches a level that
could be consistent with a first- or second-degree parental
relationship (>10% ROH with multiple ROH of >3-5 Mb
or larger), laboratory reports should indicate that the results
could be associated with possible consanguinity to ensure
that the ordering clinician (geneticist or nongeneticist) un-
derstands the implications of the results. An example of
suggested language is as follows':

“Several large regions of homozygosity (_ Mb or larger)
were detected, encompassing >_% of the genome. Although
this result is not diagnostic of a specific condition, it raises
the possibility of a recessive disorder with a causative gene
located within one of these regions. Additionally, these
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results could indicate a familial relationship (first or second
degree) between this individual’s parents. A genetics
consultation is recommended.”

Laboratories are encouraged to engage the ordering
clinician when a first- or second-degree parental relationship
is suspected based on the results of the analysis. The clini-
cian is the most appropriate person to correlate laboratory
results with family history and to investigate any concern for
abuse. It is advised that each laboratory or hospital consult
with its ethics review committee and legal counsel for policy
development concerning the requirements for and manner of
reporting.’

Given that the analysis of ROH can reveal possible in-
cidents of incest, ethical and legal issues must be taken into
consideration. Grote et al’’ addressed variable approaches to
genetic counseling when addressing CMA findings of ROH
associated with putative parental relatedness. Because the
detection of ROH and possible UPD has clinical utility, the
possibility of identifying ROH should be addressed as part
of the standard of care within the informed consent process.
Through this process, the proband’s parents or guardians
should be counseled on the possibility of findings such as
ROH that suggest parental consanguinity. Although this
may have medical implications (eg, raising the likelihood of
an AR disease), it may also suggest an incestuous rela-
tionship. If the parent of the proband being tested was a
minor at the time of conception, had diminished mental
capacity themselves, or was otherwise considered vulner-
able, then this may indicate criminal abuse. In such cir-
cumstances, there may be a legal obligation to report these
findings to welfare agencies. There is no uniform law that
dictates what must be reported, although the federal Child
Abuse Prevention and Treatment Act does require each state
to develop a system for mandatory reporting.”® Because the
relevant statutes are state-based, they vary as to who must
report, when reporting must occur, and what exactly must be
reported. However, if neither parent was a minor, intellec-
tually disabled, or considered vulnerable, a finding of con-
sanguinity in the proband is not to be considered reasonable
evidence of abuse and not subject to mandatory disclosure.
In addition, marriage between first cousins is legal in some
states within the United States, and some ethnic groups have
cultural norms of consanguinity, thus these possibilities
must also be considered.”

Violations for failing to report also vary but can include
criminal penalties.’” Notably, a lack of certainty regarding
the occurrence of incest will typically not excuse reporting
obligations. In most states, a duty to report is triggered when
there is a reasonable suspicion of incest.”” In some states,
mandatory reporters include anyone who has a reasonable
suspicion that child abuse has occurred,*' and other states
list specific mandatory reporters, such as those engaged in
the healing arts’* or employees at universities or the hos-
pitals themselves.*

Further, the mandatory disclosure is not expected to
violate physician—patient confidentiality or the privacy rule
of the Health Insurance Portability and Accountability Act

because several courts have found that confidentiality must
give way to the need to report.”* Most state laws provide
broad immunity from a civil suit for those who report in
good faith.”> Even so, mandatory reporters should reveal
only the minimum amount of information to comply with
the statute, so as to maximally protect patient confidenti-
ality. All individuals with access to genetic information
indicating suspected incest should consult their state’s
reporting requirements.

Although relaying sensitive information of this nature to
patients and families is commonplace for medical geneticists
and genetic counselors, they must be aware of the legal and
ethical implications as well. Even in the absence of a legal
duty to report potential abuse, there may be ethical obliga-
tions based on nonmaleficence or autonomy. The potential
for criminal prosecution will complicate what is already a
difficult conversation. It is often wise to include the in-
stitution’s social worker to assist with the provision of
follow-up social services as well as legal counsel to be sure
that all legal requirements are accurately and completely
followed. Laboratories with findings suggestive of incest
should also consider how to best report this sensitive in-
formation to clinicians. In some cases, it might be necessary
to use the word incest itself rather than potentially obfus-
cating this information in terms such as ROH or even
consanguinity.

Conclusion

The ability to detect ROH is an important clinical tool, with
clear utility in the context of the detection of AR conditions
and UPD. A secondary consequence of this observation is
the possible discovery of a consanguineous relationship
between the proband’s parents. This possibility should be a
point of emphasis in pretest counseling. Although a specific
relationship cannot be determined using currently available
technologies, this information may be useful to the clinician
caring for the patient and family. It is the responsibility of
the clinician, not the laboratorian, to perform clinical cor-
relation and investigate any concern for abuse. The labo-
ratorian’s duty is to effectively communicate the possibility
of a familial relationship between the parents to the ordering
clinician when a first- or second-degree relationship is sus-
pected based on the results of the analysis. Laboratories are
encouraged to develop a reporting policy in conjunction
with their ethics review committee and legal counsel.’
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Disclaimer: This laboratory standard is designed primarily as an educational resource for clinical laboratory geneticists to help them provide quality clinical

laboratory genetic services. Adherence to this standard is voluntary and does not necessarily assure a successful medical outcome. This standard should not be

considered inclusive of all proper procedures and tests or exclusive of other procedures and tests that are reasonably directed to obtaining the same results. In

determining the propriety of any specific procedure or test, the clinical laboratory geneticist should apply his or her own professional judgment to the specific
circumstances presented by the individual patient or specimen.

Clinical laboratory geneticists are encouraged to document in the patient’s record the rationale for the use of a particular procedure or test, whether or not it is
in conformance with this standard. They also are advised to take notice of the date any particular standard was adopted, and to consider other relevant medical
and scientific information that becomes available after that date. It also would be prudent to consider whether intellectual property interests may restrict the

performance of certain tests and other procedures.

The detection of acquired copy-number abnormalities (CNAs) and
copy-neutral loss of heterozygosity (CN-LOH) in neoplastic disorders
by chromosomal microarray analysis (CMA) has significantly
increased over the past few years with respect to both the number
of laboratories utilizing this technology and the broader number of
tumor types being assayed. This highlights the importance of
standardizing the interpretation and reporting of acquired variants
among laboratories. To address this need, a clinical laboratory-
focused workgroup was established to draft recommendations for the
interpretation and reporting of acquired CNAs and CN-LOH in
neoplastic disorders. This project is a collaboration between the
American College of Medical Genetics and Genomics (ACMG) and
the Cancer Genomics Consortium (CGC). The recommendations put
forth by the workgroup are based on literature review, empirical data,
and expert consensus of the workgroup members. A four-tier
evidence-based categorization system for acquired CNAs and CN-

INTRODUCTION

Genomic testing of hematologic malignancies and solid
tumors at the time of disease presentation provides informa-
tion that is crucial for diagnosis and management. This
evaluation may include G-banded chromosome analysis,
fluorescence in situ hybridization (FISH) analysis, chromo-
somal microarray analysis (CMA), gene expression and fusion
studies, targeted gene sequencing, as well as gene sequencing
panels.

LOH was developed, which is based on the level of available evidence
regarding their diagnostic, prognostic, and therapeutic relevance: tier
1, variants with strong clinical significance; tier 2, variants with some
clinical significance; tier 3, clonal variants with no documented
neoplastic disease association; and tier 4, benign or likely benign
variants. These recommendations also provide a list of standardized
definitions of terms used in the reporting of CMA findings, as well as
a framework for the clinical reporting of acquired CNAs and CN-
LOH, and recommendations for how to deal with suspected clinically
significant germline variants.

Genetics in Medicine (2019) 21:1903-1915; https://doi.org/10.1038/s41436-
019-0545-7

Keywords: copy-number abnormalities; acquired variants; can-
cer; chromosomal microarray; interpretation

The somatic genomic variants detected in the tumor tissue
play a critical role in the patient’s clinical management by
aiding in the diagnosis, providing prognostic information, and
helping in the choice of appropriate therapy. The types of
somatic variants observed include numerical and structural
chromosomal abnormalities, single-nucleotide variants
(SNVs), nucleotide-level deletions, duplications and insertions
(i.e., indels), and gene-level deletions and duplications. One
type of somatic structural chromosomal rearrangements
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common in neoplastic disorders are copy-number abnorm-
alities (CNAs), which are changes that represent acquired
gains and losses of chromosomal material. High-resolution
genome-wide CMA is being widely used in clinical labora-
tories to detect acquired CNAs and copy-neutral loss of
heterozygosity (CN-LOH) in neoplastic disorders, and is
providing important insights into the unique genomic copy-
number profile of different tumor tissues. In recent years, the
clinical utility of CMA has been well established in the
diagnosis of several neoplastic disorders.'”

The American College of Medical Genetics and Genomics
(ACMG) technical standards and guidelines for CMA in
neoplastic disorders includes a section on CMA results
evaluation and interpretation.® This document provided the
initial framework for interpreting CMA results in neoplastic
disorders; however, it describes broad principles. The use of
CMA in neoplastic disorders has significantly increased over
the past few years with respect to both the number of
laboratories utilizing this technology and the broader number
of tumor types being assayed. In practice, the interpretation of
CMA results remains relatively subjective and lacks standar-
dization, resulting in inconsistent practices between clinical
laboratories. The CNAs and CN-LOH detected by CMA in
neoplastic disorders are in many cases critical for optimal
patient care. This necessitates standardized interpretation and
reporting of acquired variants using an evidence-based system
to accurately establish their clinical significance.

To address this need, a clinical laboratory-focused work-
group was established to draft recommendations for the
interpretations and reporting of acquired CNAs and CN-LOH
in neoplastic disorders. This project is a collaboration between
the ACMG Laboratory Quality Assurance (QA) Committee
and the Cancer Genomics Consortium (CGC). The work-
group developed recommendations for categorizing CNAs
and CN-LOH detected by CMA in neoplastic disorders into
specific standard categories (i.e., tiers) of clinical significance
based on objective criteria using an evidence-based weighting
system. The term “acquired variants” is used in this document
to refer to both acquired CNAs and CN-LOH.

These newly developed recommendations, which are
described in detail below, include:

1. Standardized definitions of terms used to describe single
variants or patterns of variants detected by CMA

2. A four-tier evidence-based categorization system for
acquired CNAs and CN-LOH, which is based on the
level of available evidence regarding their diagnostic,
prognostic, and therapeutic relevance

3. CNA and CN-LOH examples in tiers 1 and 2 in various
hematologic malignancies and solid tumors

4. Considerations regarding the interpretation and reporting
of unanticipated clinically significant germline variants

5. A framework to standardize the clinical reporting of
acquired CNAs and CN-LOH

Even though these proposed technical laboratory standards
are intended for interpretation and reporting of acquired
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variants detected by CMA in neoplastic disorders, the newly
developed recommendations should be applicable to acquired
structural variants (including CNAs) detected by sequencing-
based approaches, as the clinical testing practices move
increasingly toward these technologies.

METHODS

These technical laboratory standards were informed by a
review of the literature and current guidelines. Resources
consulted included PubMed; current World Health Organiza-
tion (WHO) and National Comprehensive Cancer Network
(NCCN) guidelines; and relevant ACMG, Association for
Molecular Pathology (AMP), and College of American
Pathologists (CAP) guidelines. The workgroup members also
used their expert opinion and empirical data to inform their
recommendations. The proposed four-tier evidence-based
categorization system for CNAs and CN-LOH was refined
and extensively tested among the workgroup members using
clinical cases from the members’ diagnostic laboratories. In
addition, input from the greater cancer genomics community
was solicited during the annual CGC meeting when this tier
system was first presented. Any conflicts of interests for
workgroup members are listed at the end of the paper. The
ACMG Laboratory QA Committee reviewed the document
providing further input on the content, and a final draft was
presented to the ACMG Board of Directors for review and
approval to post on the ACMG website for member comment.
Upon posting to the ACMG website, an email and link were
sent to all ACMG members inviting participation in the 30-
day open comment process. All members’ comments and
additional evidence received were assessed by the authors, and
these recommendations were incorporated into the document
as deemed appropriate. Member comments and author
responses were reviewed by representatives of the ACMG
Laboratory QA Committee and the ACMG Board of
Directors. The final document was approved for publication
by the ACMG and the CGC Board of Directors.

DEFINITIONS OF SPECIFIC TERMS USED TO
DESCRIBE SINGLE VARIANTS OR PATTERNS OF
VARIANTS DETECTED BY CMA
In an attempt to standardize the terminology used to
communicate results of clinical CMA, the workgroup reached
consensus on the definitions of specific terms shown in Box 1,
which describe genomic variants commonly detected by CMA

in neoplastic disorders.”""

PROPOSED FOUR-TIER EVIDENCE-BASED CATE-
GORIZATION SYSTEM FOR ACQUIRED CNAS AND
CN-LOH
The interpretation of clinical significance of acquired genomic
variants is based on their impact on clinical care, including
diagnostic, prognostic, and therapeutic significance. The
weight of clinical impact of a genomic variant is gauged by
the level of available evidence regarding its association with a
specific diagnosis, disease outcome, and/or response to a
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Box 1: Specific terms used to describe single variants or patterns of variants detected by CMA

e Size/location of variant:

Focal: Relatively small change (typically less than 5 Mb) that usually contains a known or suspected driver cancer gene
Whole arm: Change that involves the entire chromosome short (p) or long (q) arm

Whole chromosome: Change that involves the entire chromosome

Interstitial: Change mediated by at least two breaks within a chromosome p or q arm

Terminal: Change that includes the end of the p or q arm of the chromosome

Intragenic: Change that occurs within a single gene

Proximal/distal: Describes a position relative to the centromere and moving outward on the chromosome p or q arm

Type of variant:
Gain/loss: Type of copy-number change observed. It is recommended that the term “gain” be used rather than
“duplication.” Attempts should be made to determine the relative gain/loss in polyploid samples.
Copy-number abnormalities (CNAs): Neoplastic disease-associated changes that represent acquired gains or losses of
chromosome material.
Copy-neutral loss of heterozygosity (CN-LOH): Allelic imbalance without an associated copy-number change. This is a
somatic process occurring in tumors, and terms such as absence of heterozygosity (AOH), identity by descent (IBD), and
uniparental disomy (UPD) should be used when the change is germline.
Amplification: High copy-number gain of sequences, typically containing oncogene(s) that are important for the cancer
being studied. Note that the term should not be used to describe a single copy gain of chromosomal material or to describe
gain due to polysomy. Standard thresholds used to represent amplification typically range from 3-5 fold increases over
baseline ploidy (e.g., intrachromosomal amplification of chromosome 21 [iAMP21] in B-ALL) to >100 copies per genome
(e.g., MYCN amplified neuroblastoma) and will vary depending on the type of tumor. The laboratory should establish
specific copy-number threshold cutoffs that will be used to identify clonally amplified regions by correlating CMA results
to established methodologies for different tumor types.
Chromothripsis: A copy-number profile that has alternating copy states in a single region—typically a single chromosome
or chromosome arm—that contains at least ten distinct alternating copy-number segments.””"
Intrachromosomal complexity: Summary of chromosomal regions that include more than two copy-number states, are
largely confined to a single chromosome or chromosome arm, and contain at least five distinct copy-number segments. If
clinically significant abnormalities (tiers 1 or 2) fall within a complex region, they may be reported individually.
Genomic complexity: Pattern of chromosome instability predominantly due to structural alterations resulting in

widespread gains and losses of chromosomes or chromosomal regions in the majority of chromosomes.

particular treatment. The evidence used for variant categor-
ization is weighted differently based on its likely impact on
clinical decision-making. Additionally, the type and size of
study providing this evidence is considered in the interpreta-
tion of the variants, with professional practice guidelines,
large collaborative studies, and replicated studies carrying
more weight than individual case reports. Based on literature
review and workgroup consensus, the workgroup proposes
categorizing genomic variants detected by CMA in neoplastic
disorders into four tiers according to the level of evidence for
their clinical significance as described below (Fig. 1). The
workgroup adapted the levels of evidence published by the
Oxford Centre for Evidence-Based Medicine (CEBM).'> An
attempt was made to keep these newly developed recommen-
dations aligned, to the extent possible, with the recently
published standards and guidelines for the interpretation and
reporting of sequence variants in cancer."> The sequence
variant guidelines introduce the concept that the
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interpretation of somatic variants should focus on their
impact on clinical care. In addition to their oncogenic role,
they may be associated with a favorable or adverse prognosis,
with sensitivity, resistance, or toxicity to a specific therapy,
with eligibility for clinical trials, and/or with better diagnostic
accuracy. The principles put forward for interpretation of
somatic sequence variants are applicable for interpretation of
somatic CNAs and CN-LOH, which can also serve as
biomarkers of prognosis, sensitivity, or resistance to targeted
therapies, and/or can support a diagnosis of a particular
tumor type. In addition, there is an increasing trend in
genomic oncology testing to use consolidated sequencing-
based assays to detect somatic SNVs, indels, CNAs, and
abnormal gene fusions in selected cancer-related genes.
Reporting results of such integrated assays would not be
practical if disparate sets of rules had to be applied for
interpretation of SNVs and indels versus CNAs and CN-LOH.
With the prediction that unbiased genome-wide evaluation
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e ™\
f ¢ Acquired variants that define a specific entity in the WHO classification, are included in )
: i ) ) professional guidelines (e.g., NCCN, COG, IPSS), and/or can be treated with an FDA-
Tier 1: Variants with Tier 1A approved drug
strong clinical * Germline pathogenic variants associated with cancer predisposition
significance : <
(Diagnostic, PfOQ”QStiC! Acquired variants associated with a specific neoplasm, prognosis, or treatment response,
and|/or therapeutic) Tier 1B as shown by high or good quality evidence (Levels 1, 2, and 3 CEBM evidence) with expert
consensus and/or confirmed and reproduced by independent groups
\ - )
( s ™ 8
Tier 2: Variants with * Recurrent acquired variants observed in different neoplasms but not specific to a particular tumor
some clinical type
significance OR
(Diagnostic, prognostic ¢ Acquired variants associated with a specific neoplasm, prognosis, or treatment response, as shown
and/or thérapeutic) ’ by average quality evidence (Levels 4 and 5 CEBM evidence)
_ h &,
4 ™ )
Tier 3: Clonal : . . L o
variants with no * Acquired variants with no documented neoplastic disorder association
neod(l):lsltri]::e(;]itsi?' e » All variants that do not meet the criteria for Tiers 1 and 2, and cannot be classified as constitutional
zssociation benign or likely benign
. > <)
e - )
Tier 4: Benign or ¢ Constitutional benign or likely benign variants that are listed in the ClinGen curated benign variants
Iikel.y benign and/or in the Database of Genomic Variants (DGV) with >1% population frequency
Variants | They usually do not encompass COSMIC cancer genes )
. J

Fig. 1 Four-tier evidence-based categorization system for acquired copy-number abnormalities (CNAs) and copy-neutral loss of hetero-
zygosity (CN-LOH) detected by chromosomal microarray analysis (CMA). CEBM Oxford Centre for Evidence-Based Medicine, COG Children’s
Oncology Group, COSMIC Catalogue of Somatic Mutations in Cancer, IPSS International Prognostic Scoring System for myelodysplastic syndromes, NCCN
National Comprehensive Cancer Network, WHO World Health Organization.

for different types of genetic and genomic variants (including Prognostic Scoring System, International Mye-
both sequence variants and numerical and structural loma Working Group Criteria).
chromosome rearrangements) may become feasible for cancer - Can be treated by a targeted FDA approved drug.
samples in the near future, a unified approach for the clinical Tier 1A also includes germline pathogenic variants
interpretation, classification, and reporting of all somatic associated with cancer predisposition.
variants will become a necessity.
Tables 1 and 2 provide examples of CNAs and CN-LOH in b. Tier 1B: Acquired variants or a specific pattern of
tiers 1 and 2 in various hematologic malignancies and solid acquired variants with either:
tumors. - High quality evidence (levels 1 and 2 CEBM evidence)
in the literature that shows association with a specific
I. Tier 1 (variants with strong clinical significance): neoplasm, prognosis, or treatment response. This
Varjants with strong diagnostic, prognostic, and/or includes  well-powered  studies in the form of
therapeutic clinical significance. They have been demon- randomized controlled clinical trials, systematic review
strated to play a critical role in the oncogenic process and meta-analysis of these studies, and cohort studies
under investigation. Based on the level of evidence with consensus from experts in the field.
available, tier 1 variants are further subdivided into: - Good quality evidence (level 3 CEBM evidence)
a. Tier 1A: Acquired variants or a specific pattern of in the literature that shows association with a
acquired variants that fulfill one or more of the specific neoplasm, prognosis, or treatment
following criteria: response. This includes multiple (at least two)
— Define a specific entity in the WHO classifica- smaller clinical studies in the form of cohort or
tion. case—control studies that have been confirmed
- Are included in professional clinical practice and reproduced by different independent groups.

guidelines as clinically significant variants (e.g.
NCCN, Children’s Oncology Group (COG), II. Tier 2 (variants with some clinical significance):

Myelodysplastic Syndromes (MDS) International Acquired variants or a specific pattern of acquired
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Table 2 Tier examples in solid tumors

MIKHAIL et a/

Disease Tier 1A Reference (PMID) Tier 1B Reference (PMID) Tier 2 Reference (PMID)
Central nervous system (CNS)
Pilocytic astrocytoma 7934 dup/del resulting in WHO 2016
KIAA1549-BRAF fusion®
17q11.2 del (NFT)S*
Supratentorial 11q13.1 del resulting in WHO 2016 Chromothripsis 11q° 24553141
ependymoma C110rf95-RELA fusion® 25965575 25965575
Ependymoma —22/22q12.2 del (NF2)° WHO 2016 1q gain” 28371821
9p21.3 del (CDKN2A) 22338015
20516456
ETMR, C19MC-altered 19013.42 gain/amp® WHO 2016
+ 2 with 19913.42 gain/amp®
MB WNT pathway Monosomy 6° WHO 2016
MB SHH pathway 9022.32 del/LOH (PTCH1)® WHO 2016 Chromothripsis 17p°* 22265402
10023.31 del/LOH (PTEN)® 25403219 24651015
GLI2 ampP 29753700
MYCN amp®
10024.32 del (SUFU)®t
17p13.1 del/LOH (TP53)°-FCt
MB non-WNT/non-SHH  17p del and/or 17q gain WHO 2016
idic(17p11.2)°
MYC amp®*f
MYCN amp®
Glioblastoma IDH wild ~ +7, —10 (PTEN)®" WHO 2016
type—adult 9p21.3 del/LOH (CDKN2A)®?
—13/13q14.2 del (RB1)°F
PDGFRA amp®
EGFR amp®
Glioblastoma— +7, 17p13.1 del/LOH (TP53)°F  WHO 2016 MET amp®" 28966033
pediatric PDGFRA ampP" 27582545 27748748
Oligodendroglioma 1p and 19q co-del>" WHO 2016
Meningioma, acoustic ~ 22q12.2 del (VF2)°t WHO 2016 9p del (CDKN2A)" 11485924
neuroma —22/22q del® 11958372
Atypical teratoid/ —22/22q del® WHO 2016
rhabdoid tumor 22q11.23 del/LOH
(SMARCBT)PCt
19p13.2 del/LOH
(SMARCA4)>Ct
Choroid plexus 17p13.1 del (TP53)°t WHO 2016
carcinoma
Chordoma 22q11.23 del (SMARCB1)° 29119645 10923.31 del (PTEN)® 24983247
9p21.3 del (CDKN2A)P 21602918
Hemangioblastoma 3p25.3 del (VHL)®t 20301636 (Gene
Reviews)
Pineoblastoma 14932.13 del (DICERT)P- WHO 2016
13q14.2 del (RB1)°*
Pediatric embryonal tumors
Neuroblastoma MYCN amp®* 26389190 (NCI 3p del” 15800319
1p del guidelines) 14q del® 12538451
11q del and 17q gain®” 11729208
ALK amp"
Near-triploid”
Wilms tumor 11p del/LOHP-PCL 26389282 (NCI
17p13.1 del (TP532P guidelines)
1q gain, 16q del® 20301471 (Gene
Reviews)
Alveolar PAX-FOXO1 gene fusion amp” 22447499
rhabdomyosarcoma
Renal cell carcinoma (RCC)
Clear cell RCC 3p25.3 del/LOH (VHL)® WHO 2016 14q loss” 26448938
VHL, FLCN del®* 26448938 9p loss” 21725288
24550497 26790128
23797736 25315157
Papillary RCC-type | Gain 7 and 17° WHO 2016 Gain 12, 26448938
26448938 16, 20, -YR
25790038
28780132
Chromophobe RCC Hypodiploidy with loss 1, 2, 6,  WHO 2016
10, 13, 17, 21°PR 19562744
17p11.2 del (FLCN)C 26448938
Breast ERBB2 amp” 29523670 6025.1 tandem dup resulting in 25099679 CCND1 26059247
I (NCCN guidelines) ~ ESR1-CCDC170 fusion® amp’”
Lung EGFR amp" 23552377 6022.1 del resulting in GOPC- 25870798
B ROS1 fusion” 25535693
FGFR1 amp” 21160078
MET amp"* 27664533
Soft tissue
Liposarcoma, atypical MDM2, CDK4 amp® WHO 2013
lipomatous tumors
Desmoid-type 5q22.2 del (APQ)C* 24554300
fibromatosis
Infantile fibrosarcoma +8, +11, +17, +20°F 11801301
Lipoblastoma Gain 8" 11549588
Bone
Osteochondroma 8024.11 del (EXT1)St 20301413 (Gene
11p11.2 del (EXT2)C" Reviews)
Osteosarcoma 17p13.1 del (TP53)° WHO 2013 MDM2, CDK4 ampD 20196171
21336260
1908 Volume 21 | Number 9 | September 2019 | GENETICS in MEDICINE
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Table 2 continued

ACMG TECHNICAL STANDARD

Disease Tier 1A Reference (PMID) Tier 1B Reference (PMID) Tier 2 Reference (PMID)
Ewing sarcoma 19 gain, 11672775
16q loss®
Gain 8%
Gastrointestinal stromal —1p, —14, —22° 10919666
tumor (GIST) 16982739
23942094
Mesothelioma 3p21.1 del (BAPT)Ct 28713672 3p del 21642991
I (BAPT)R 26928227
9p del 28713672
(CDKN2AYR
—22 (NF2F

This table lists examples of tiers 1 and 2 genomic variants and is not intended to provide a comprehensive list of variants in each disease. It reflects the evidence avail-
able at the time the current technical standards were written.
amp amplification, D diagnostic, del deletion, dup duplication, ETMR embryonal tumor with multilayered rosettes, GL germline, LOH loss of heterozygosity, MB medul-
loblastoma, NCCN National Comprehensive Cancer Network, NC/ National Cancer Institute, P prognostic, R recurrent, T therapeutic, WHO World Health Organization.

1L
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variants with some diagnostic, prognostic, and/or

therapeutic clinical significance. They include:

- Recurrent variants observed in different neoplasms
but not specific to a particular tumor type, and
usually encompassing Catalogue of Somatic Muta-
tions in Cancer (COSMIC) census cancer genes(s).

- Acquired variants or a specific pattern of acquired
variants with average quality evidence (levels 4 and 5
CEBM evidence) in the literature that shows associa-
tion with a specific neoplasm, prognosis, or treatment
response. This includes a small case series or multiple
(at least two) case reports that describe the association.

Tier 3 (clonal variants with no documented neoplastic
disorder association): Acquired clonal variants with no
documented neoplastic disorder association. All variants
that do not meet the criteria for tiers 1 and 2 and cannot
be classified as constitutional benign or likely benign,
can be classified as tier 3 variants. Tier 3 variants are
defined as “acquired clonal variants with no documen-
ted neoplastic disorder association” rather than
“acquired clonal variants with uncertain clinical sig-
nificance.” This is because an “acquired clonal variant”
is by default significant for this particular patient
because it can be used as a marker for the neoplastic
clone to monitor residual disease and/or relapse.

Tier 4 (benign or likely benign variants): Constitu-
tional benign or likely benign variants that are listed in
the ClinGen curated benign variants and/or in the
Database of Genomic Variants (DGV) with >1%
population frequency, and usually do not encompass
COSMIC cancer gene(s). It is not recommended to
report tier 4 variants.

GENERAL AND SPECIAL CONSIDERATIONS

The interpretation of clinical significance of CNAs and
CN-LOH using this tier system should be performed in
the context of the clinical/pathologic diagnosis, as well as
other laboratory tests including G-banded karyotype,
FISH, and other relevant tests. This is crucial because

GENETICS in MEDICINE | Volume 21 | Number 9 | September 2019

some acquired variants will have different clinical
significance in different neoplastic disorders. For exam-
ple, 1q gain is associated with adverse prognosis in
multiple myeloma (MM) (tier 1A),"*'*> while it does not
have major prognostic significance in MDS (tier 2).'°
CNAs may also have different clinical significance
depending on other cytogenetic or molecular diagnostic
abnormalities present in the tumor. For example, loss of
chromosome 7 or 7q deletion are typically associated with
an inferior outcome in myeloid malignancies (tier 1A),
but in acute myeloid leukemia (AML) with a CBFB gene
rearrangement, they do not appear to significantly change
the prognosis (tier 2)."”

This tier system can be used to classify a specific pattern
of CNAs and/or CN-LOH that is diagnostic of a specific
neoplastic disease entity. This includes a characteristic
pattern of whole chromosome gains/losses (e.g., hyperdi-
ploid and hypodiploid B-ALL) and whole chromosome
CN-LOH (e.g., doubled hypodiploid/near-haploid B-
ALL)."® It also includes a characteristic signature of gains
and losses along one chromosome (e.g., intrachromoso-
mal amplification of chromosome 21 [iAMP21] in B-
ALL)." The pattern of acquired gains/losses can be
classified collectively using the tier system.

Diagnostic balanced chromosomal abnormalities (e.g.,
translocations, inversions, and insertions) detected by G-
banded karyotype and/or FISH testing but not by CMA
should be discussed in the CMA report but should not be
included in the classification using the tier system or
listed in the results table/nomenclature string. When
present in the unbalanced form and detected by CMA
with breakpoints mapping within genes known to be
associated with a specific gene fusion, these abnormalities
can be classified using the tier system and listed in the
results table/nomenclature string (e.g., the presence of an
extra copy of the Philadelphia chromosome der(22)t
(9;22)(q34;q11.2) in CML or ALL,'® or an extra copy of
the der(21)t(12;21)(p13;q22) in B-ALL, and the unba-
lanced der(19)t(1;19)(q23;p13) in B-ALL).*

An interstitial loss or gain involving one chromosome
arm with recurring breakpoints in genes known to be
involved in a specific gene fusion can be classified using
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this tier system (e.g., 4q12 deletion that results in FIPILI-
PDGEFRA fusion, PARI1 deletion at Xp22.33/Yp11.32 that
results in P2RY8-CRLF2 fusion, and 9q34.1 gain that
results in NUP214-ABLI fusion).'®*!

5. Interstitial or terminal losses or gains involving two
chromosome arms with breakpoints within genes known
to be associated with a specific gene fusion as a result of
an interchromosomal rearrangement (e.g., translocation
or insertion) or intrachromosomal rearrangement (e.g.,
inversion) should be interpreted according to the level of
supporting evidence. They can be classified using this tier
system with later confirmation of the gene fusion by other
molecular techniques if there is enough supporting
evidence, including the clinical/pathologic diagnosis,
visible recurrent rearrangement by G-banded karyotype,
and/or other acquired variant known to be associated
with the gene fusion in question. In the absence of such
supporting evidence, the report should describe the
possibility of a gene fusion but without classifying the
variants using the tier system until the fusion is
confirmed by other molecular techniques.

6. Correlation of the CMA results with the G-banded
karyotype and FISH results is strongly recommended
because some professional clinical practice guidelines
used to classify tier 1A variants are technique specific. For
example, some chromosomal abnormalities can only be
considered diagnostic/prognostic if detected by G-banded
karyotype (e.g., MDS and MM prognostic criteria).

7. CMA has the potential to identify acquired variants
associated with comorbid neoplastic disorders. For
example, comorbid MDS-related variants may be identi-
fied in patients treated for chronic lymphocytic leukemia
(CLL) or MM either because of prior therapy or age-
related disease. These variants should be interpreted in
the context of the clinical/pathologic diagnosis and
correlated with G-banded karyotypes from both stimu-
lated and unstimulated CLL or MM cultures. CMA
performed in MM on CD138+ enriched cells is helpful in
identifying MM-specific acquired variants.”

8. The term “CN-LOH” is used in this document to refer to
a region with acquired allelic imbalance (i.e., homo-
zygosity) without an associated copy-number change (i.e.,
copy-neutral), which is a common finding in cancer. The
term “copy-neutral” is used to allow distinction from loss
of heterozygous single-nucleotide polymorphism (SNP)
calls due to a one copy-number loss (i.e., heterozygous
deletion). However, in some cases LOH can also be
observed with a copy-number gain. Examples include
high-level amplification involving only one allele, and the
copresence of a clone with trisomy of a particular
chromosome and a subclone that lost one copy of that
chromosome resulting in whole chromosome LOH.

9. Regions of CN-LOH may have a higher level of clinical
significance if they span a gain-of-function variant in an
oncogene and/or loss-of-function variant in a tumor
suppressor gene documented in this patient. This is
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especially relevant in laboratories that do integrated
reporting of CNAs, regions of CN-LOH, and sequence
variants results.

DATABASES AND RESOURCES FOR INTERPRETA-
TION OF CNAS AND CN-LOH IN NEOPLASTIC
DISORDERS
A wealth of genomic information has been generated for
different tumor types through chromosome analysis and
large-scale genome sequencing projects, and the data have
been consolidated into many public databases. However, the
majority of such databases house information at a gene and
variant level, and resources focused on incidence and
significance of acquired CNAs and CN-LOH in neoplastic
disorders are limited. In the absence of CNA-specific
information, gene and variant-centered databases can be used
to support interpretation of CNAs involving specific genes.

To allow utilization of gene and variant-focused data for
informing interpretation of CNAs and CN-LOH in oncology
samples, it is important to annotate the mechanism of action for
genes and variants related to cancer. Such mechanisms typically
include loss of function of tumor suppressors, gain of function
of oncogenes, abnormal gene fusions, and translocations
involving regulatory regions. If variants affecting a gene are
proven to be loss-of-function variants, it can be extrapolated
that a deletion of the same gene or a larger region containing
that gene would also confer a loss of function.

A Dbrief overview of resources that are useful in interpreta-
tion of CMA results in oncology is provided in Table 3. Such
resources include:

1. Databases and data portals focusing directly on acquired
CNAs and CN-LOH

2. Databases and data portals focusing on acquired sequence
variants, which allow the evaluation of whether specific
genes within the region affected by a CNA have been
associated with the tumor type of interest

3. Knowledge bases that contain curated information on the
significance of individual genes and acquired sequence
variants in different tumor types

4. Chromosome-level databases and knowledge bases that
compile data from conventional cytogenetic analysis and
curations regarding the significance of chromosome
aberrations detected by karyotyping

5. Databases of benign and pathogenic germline variants
that allow exclusion of benign germline variants and
interpretation of germline secondary findings

To facilitate review and interpretation of acquired CNAs
data, laboratories are advised to curate and maintain lists of
genes and regions of clinical relevance in a variety of tumor
types. These lists support comprehensive and efficient
recognition of disease-relevant loci, and allow consistency
in interpretation. A laboratory can also opt to develop lists
of predefined pertinent positives and negatives per tumor

Volume 21 | Number 9 | September 2019 | GENETICS in MEDICINE
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Table 3 Selected databases relevant for interpretation of acquired CNAs

Resource type and utility

Resource name and description

Location (web address)

General/summary

Databases and knowledge
bases of acquired CNAs in
neoplastic disorders

(Can be used to search for
recurrent CNAs in the tumor of
interest)

Pan-cancer gene list

Cancer gene and variant
databases and data portals
(Can be used to evaluate the role
of a particular gene (or genes)
within @ CNA or CN-LOH region
in pathogenesis of the tumor
type being tested; these
resources may have overlapping
data sets (from the same large-
scale studies) but offer different
solutions for data visualization
and searches)

Chromosome-level data
sources

(Contain data and knowledge
about conventional cytogenetic
studies in cancer)

Knowledge bases with cancer
gene and variant curations
(Contain expert curated
information and summaries
about the clinical significance of
genes and variants in cancer)

Population database of
benign CNVs

(Allows to exclude CNVs that are
common in the general
population)

Databases and data portals of
genes, variants, and CNVs
associated with constitutional
genetic disorders

(May assist in interpretation of
findings that are suspected to be
germline)

Sequence repositories (collect,
store, and disseminate the
nucleotide and amino acid
sequence data) and

genome browsers (provide
context and visualization for
genome features, such as genes
or disease loci)

Video tutorial: ‘Introduction to Publicly Available Knowledge Bases to Aid
Interpretations of Genomic Findings in Oncology’
Provides overview of types and utility of online resources

The Cancer Genome Atlas (TCGA) Copy Number Portal: Allows one to search
and review high-resolution copy-number data from cancer samples in The Cancer
Genome Atlas project

The Compendium of Cancer Genome Aberrations (CCGA): A knowledge base
developed by the Cancer Genomics Consortium that compiles information about
clinical significance of CNAs, CN-LOH, and balanced structural abnormalities in
different tumors

Catalog of Somatic Mutations in Cancer (COSMIC) database Cancer Gene
Census

Catalog of Somatic Mutations in Cancer (COSMIC): A large source of manually
curated somatic variant information hosted by the Sanger Institute; contains data
from >35,000 cancer genomes from large-scale genome screening studies
including TCGA and the International Cancer Genomics Consortium (ICGC)

ICGC Data Portal: An international consortium established to launch and
coordinate worldwide large-scale genome sequencing projects for various tumor
types; data from specific projects is available through the ICGC portal

cBioPortal: A source for visualization, analysis, and download of large-scale cancer
genomics data sets, initially developed at Memorial Sloan Kettering Cancer Center
and now maintained by a multi-institution team

National Cancer Institute (NCI) Genomic Data Commons (GDC): An
information system that contains genomic and clinical data from NCI-funded
projects as the Cancer Genome Atlas (TCGA) and the Therapeutically Applicable
Research to Generate Effective Treatments (TARGET) program, as well as other
cancer studies

PeCan Data Portal (Pediatric Cancer focused): A data portal developed and
hosted by St. Jude Children’s Research Hospital, which provides interactive
visualizations of pediatric cancer variant data from large-scale childhood cancer
genomic studies

Mitelman Database: A database that contains karyotype information for >69,000
tumor cases and allows searches based on abnormality, tumor type, and other
criteria

Atlas of Genetics and Cytogenetics in Oncology and Haematology: An
expert curated knowledge base devoted to cytogenetics findings in cancer
Information about commonly used knowledge-bases compiled by the
Variant Interpretation for Cancer Consortium (VICC): A driver project of the
Global Alliance for Genomics and Health (GA4GH)

Clinical Interpretation of Variants in Cancer (CIViC): An open access, open
source, community-driven knowledge base developed by researchers at the
Genome Institute at Washington University School of Medicine

My Cancer Genome: A knowledge base developed and hosted by the Vanderbilt
University Cancer Center

OncoKB: A knowledge base developed and hosted by the Memorial Sloan
Kettering Cancer Center

Precision Medicine Knowledgebase (PMKB): A knowledge base developed
and hosted by the Institute of Precision Medicine at Weill Cornell Medicine
Database of Genomic Variants (DGV): A comprehensive catalog of normal
structural variation in the human genome; the database contains copy-number
variants and other structural variations identified in healthy control samples

dbVar Human Structural Variant Data Hub: Catalogs CNVs identified through
the course of routine clinical cytogenomic testing in postnatal populations, with
clinical assertions as classified by the original submitter

DECIPHER (DatabasE of genomiC varlation and Phenotype in Humans using
Ensembl Resources): A database of sequence variants or copy-number variants
and main clinical findings from patients with genetic disorders

Online Mendelian Inheritance in Man: A catalog of genes implicated in single-
gene (Mendelian) disorders

ClinVar: A National Center for Biotechnology Information (NCBI) maintained
catalog of variants found in patient samples, with assertions made regarding their
clinical significance, information about the submitter, and other supporting data;
focused mostly on constitutional variants, may have utility in the interpretation of
suspected germline findings

ClinGen: A National Institutes of Health (NIH)-funded central resource that defines
the clinical relevance of genes and variants for use in precision medicine and
research

NCBI Genome: A NIH-sponsored sequence repository

Ensembl: A genome browser developed and maintained by the European
Molecular Biology Laboratory (EMBL)

UCSC Genome Browser: A genome browser developed and maintained by the
University of California—Santa Cruz

Cancer Genomics Consortium
YouTube channel: (https://Awww.
youtube.com/watch?v=
4dBh1Qkp8os)
http://portals.broadinstitute.org/
tcga/gistic/browseGisticAnalyses

http://www.ccga.io

https://cancer.sanger.ac.uk/census

http://cancer.sanger.ac.uk/cosmic

https://dcc.icgc.org/

http://www.cbioportal.org/

https://portal.gdc.cancer.gov/

https://pecan.stjude.org/home

https://cgap.nci.nih.gov/
Chromosomes/Mitelman
http://atlasgeneticsoncology.org/

http://cancervariants.org/resources/

http://www.civicdb.org

https:/Awww.mycancergenome.org/
http://oncokb.org/#/
https://pmkb.weill.cornell.edu/

http://dgv.tcag.ca/dgv/app/home

https://www.ncbi.nlm.nih.gov/
dbvar/content/human_hub/

https://decipher.sanger.ac.uk/

http:/Avww.ncbi.nlm.nih.gov/omim/

http://www.ncbi.nIm.nih.gov/clinvar/

https:/Avww.clinicalgenome.org/

https:/Avww.ncbi.nlm.nih.gov/
genome
https://www.ensembl.org/index.
html?redirect=no
https://genome.ucsc.edu/

CNA copy-number abnormalities, CN-LOH copy-neutral loss of heterozygosity, CNV copy-number variant.
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type, and perform systematic careful evaluation for their
presence.

The curated clinical-grade disease-specific gene lists can be
maintained in both a spreadsheet and .bed file format. It is
useful for such lists to be converted into a format compatible
with the CMA software, so they can be uploaded and used as
custom annotation tracks during case review. This allows
quickly recognizing acquired CNAs that contain genes
implicated in the tumor of interest. A comprehensive list of
genes shown to contain variants causally implicated in cancer
(so-called Cancer Gene Census) is maintained in the
COSMIC database, and can be downloaded from its website
(https://cancer.sanger.ac.uk/census).

Because the databases and data portals for search and
visualization of acquired CNAs in neoplastic disorders are rare,
clinical interpretation typically requires a review of primary
literature. Such interpretation remains a complex and time-
consuming task that requires appropriate professional training
and certification in clinical cytogenetics and/or molecular
diagnostics. It also necessitates familiarity with the CMA assay
and an understanding of the specific tumor biology.

CONSIDERATIONS REGARDING INTERPRETATION
AND REPORTING OF UNANTICIPATED CLINI-
CALLY SIGNIFICANT GERMLINE VARIANTS
In addition to acquired clonal abnormalities, genome-wide
analysis of tumor samples also detects constitutional germline
copy-number variants (CNVs) and regions of absence of
heterozygosity (AOH). These may include benign population
variants, germline CNVs directly related to the neoplasm
under investigation (e.g., germline deletions of tumor
suppressor genes), and pathogenic CNVs that are diagnostic
or predictive of a presymptomatic or unrecognized genetic
condition unrelated to the patient’s tumor. With the
exception of CNVs that are associated with an increased risk
of neoplasia, other germline variants are unanticipated and
unrelated to the reason for CMA. Referring clinicians must
have a clear understanding of the potential for these
discoveries; the best practice would also include informing
the patients and their families about the possibility of
secondary findings before the test is ordered, and implement-
ing a formal informed consent process. Before offering clinical
CMA testing for oncology samples, laboratories should
develop a process for appropriate follow-up if an unantici-

pated, likely germline abnormality is observed.

Indications that a detected CNV or AOH may be germline
Distinguishing between acquired CNAs/CN-LOH and con-
stitutional CNVs/AOH in CMA may be challenging. The
possibility that a variant may be germline should be
considered in the following scenarios:

1. Involvement of 100% of the cells in a sample. Often,
acquired variants involve only a subset of cells corre-
sponding to the tumor clone. Review of the log2 ratio and
SNP data allows determining if a variant is present in all
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or only a subset of cells in a sample. However, it is
important to be aware of the following caveats:

a. Some specimens may consist of pure tumor tissue
and have acquired variants that involve close to 100%
of the cells (e.g., a bone marrow specimen packed
with leukemic blasts or a dissected tumor section).

b. Copy-number losses encompassing cancer predis-
position genes are particularly difficult to interpret by
CMA alone. For small abnormalities with insufficient
SNP data, CMA may not reliably differentiate a
heterozygous loss in 100% of the cells from a
homozygous loss in 50% of the cells. If CMA shows
copy-number losses encompassing cancer predisposi-
tion genes, it might not be possible to distinguish
between a germline heterozygous deletion of the gene
in question in 100% of the cells versus acquired
biallelic loss of the gene in 50% of the cells.
Frequently encountered examples include the Fan-
coni anemia/DNA repair pathway genes (including
BRCA1 and BRCA2), NFI, RBI, and PAX5. Follow-
up interphase FISH analysis using gene-specific
probes can be helpful in distinguishing between these
two possibilities.

Higher proportion of cells involved by a variant than
expected by pathologic findings. For hematologic malig-
nancies, a finding may be germline if it appears to involve
a significantly greater proportion of cells than that
expected based on the blast cell count or degree of
involvement determined by morphology or flow cytome-
try. Correlation with hematopathology and flow cytome-
try/immunophenotyping data is valuable, and efforts to
obtain this information are recommended. For solid
tumors, a finding may be germline if the estimate of
involvement by CMA is significantly greater than the
estimation of tumor cell fraction provided by the
submitting pathologist. However, estimating tumor frac-
tion in solid tumors is often challenging and involves
subjective judgment; this estimate may not always be
perfectly correlated with CMA results.

Supporting clinical information may suggest that a CMA
variant is germline:

a. Some tumor types are frequently associated with the
presence of predisposing germline variants. Exam-
ples include Wilms tumor, tuberous sclerosis
complex (TSC1/TSC2) tumors, neurofibromas,
adrenocortical carcinoma, and rhabdoid tumor
(Supplementary Table 1). Laboratories should have
an increased level of suspicion for germline variants
when performing CMA for these tumor types.

b. CNVs/AOH including known cancer predisposition
genes (Supplementary Table 1) may be suspected as
germline in patients with features of hereditary
cancer syndromes, including diagnosis at unusually
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young age, development of bilateral or multifocal
tumors, or family/personal history of cancer.

c¢. CNVs involving genes and regions associated
with known pathogenic microdeletion/microduplica-
tion syndromes may be suspected as germline in
patients who have reported features consistent with
the disorder in question. If the provided clinical
information is limited, the laboratory may request
additional details to allow accurate interpretation of
the findings.

Interpretation and reporting of suspected germline
variants
When reporting variants that are suspected to be germline,
CNVs predisposing to cancer should be distinguished from
variants unrelated to the patient’s cancer diagnosis.

Germline CNVs directly related to the neoplasm under
investigation (e.g., germline deletion of a tumor suppressor
gene) should be reported as being of strong clinical
significance (tier 1A) and discussed in the interpretation
section of the report. This includes germline CNVs involving
cancer predisposition genes listed in the 2016 ACMG
secondary findings document.**

For likely germline CNVs not related to the neoplasm under
investigation:

a. Laboratories should have an established policy for
reporting CNVs that are likely germline and have been
curated as pathogenic by ClinGen (including pathogenic
CNVs associated with disorders that show incomplete
penetrance) and/or span known haploinsufficient or
triplosensitive genes.”> These findings can influence
clinical care for the patient and the family; as such, they
should be included in the report and discussed as
potentially constitutional clinically significant variants
(see below).

b. Possibly constitutional CNVs unrelated to the patient’s
cancer diagnosis should not be classified into the tier system.
For unambiguous reporting, the laboratory may have a
separate section of the report for describing these variants.

Follow-up recommendations for suspected germline
variants

If CMA of a tumor sample detects suspected germline CNVs/
AOH, the report should contain recommendations for
appropriate follow-up, including the following:

a. Referral to a genetic specialist for evaluation and
counseling.

b. Confirmation of germline status by testing noninvolved
tissue. For patients with solid tumors, a peripheral blood
sample may be tested. For patients with hematologic
malignancies, the optimal samples for germline testing
are cultured skin fibroblasts, although a buccal swab or a
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peripheral blood sample at the time of complete
remission may be acceptable.

Suggested language for reporting suspected constitutional
findings:

Suspected germline variant

Based on (percent of cells involved, supporting clinical
information, etc.), this finding may represent a germline
variant. Genetic testing of a tissue that is not involved in the
neoplastic process is recommended when the patient is in
clinical remission to determine whether this is a germline or an
acquired variant and to aid in determination of its clinical
significance. If the variant is germline, genetic counseling is
recommended for additional information about this variant
and its clinical significance.

REPORTING RECOMMENDATIONS FOR

ACQUIRED CNAS AND CN-LOH
The laboratory must ensure that the clinical report accurately
describes the findings and clearly communicates their clinical
significance. The report should include the preanalytic,
analytic, and postanalytic factors that are relevant to the
clinical interpretation of the findings, as well as elements that
represent regulatory requirements (which are outlined in the
ACMG Laboratory Standards and Guidelines; Section ES8).
Despite the large amount of information that must be
included, the report should be as simple and concise as
possible, formatted in a way that allows the results to be easily
seen and understood, and the clinically critical information
should appear at the beginning. Displaying the results in
tables may be helpful to increase the overall clarity of the
report, provided that the tables can be integrated into the
medical record.

In contrast to reporting results of CMA testing for
constitutional variants, reports for oncology specimens should
not be limited to positive findings. In some cases, what the
test does not detect may be of the same or even greater
significance than the positive findings. It is strongly
recommended that pertinent negatives relevant for clinical
management are included in a disease-specific manner. This
will typically include tier 1A variants that are used for clinical
decision-making (as key prognostic markers or predictors of
response or resistance to targeted treatments).

Detected CNAs and CN-LOH should be classified into the
four-tier system described above. In complex cases, labora-
tories may opt not to specify tier classification for every
variant individually, but should accurately point out and
discuss in the interpretation section all the variants with
strong or some clinical significance (tiers 1 and 2). It is not
recommended that tier 4 variants (benign/likely benign) be
included in the report.

If there is doubt about a variant being “acquired/clonal”
versus “germline/constitutional,” this should be discussed in
the report, and such variants should not be tiered using the
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classification system for acquired variants until this uncer-
tainty is clarified.

For clear communication of the relevant and required
information, it is recommended that the CMA clinical report
be organized into the following sections: results, interpreta-
tion, recommendations (if applicable), references, and method
description and disclaimers.

Results section

CMA results should be reported according to the current
version of the International System for Human Cytogenomic
Nomenclature (ISCN).** According to ISCN 2016, results can
be reported using a table, as a nomenclature string, or both at
the discretion of the laboratory director. If the results are
displayed in a table, the following information should be
included:

® Required
- Chromosomes and corresponding bands involved in
the variant
- Type of variant (loss, gain, amplification, CN-LOH)
- Genomic coordinates with designated genome build

® Recommended
- Copy-number state and percentage of cells involved,
estimated based on the log2 ratio and SNP data
- Tier classification

® Optional
- Variant size in kb or Mb
- COSMIC cancer census genes within the

affected region

Variants that constitute a diagnostic pattern may be
classified collectively in the table using the tier system. The
results table can be included either at the beginning or at the
end of the report. In complex cases, it may be helpful to
clinicians to emphasize clinically significant findings at the
beginning of the report, and to place the complete results
table at the end. In such cases, laboratories should consider
including an additional abridged summary table with
clinically significant variants at the beginning of the report.

While the clone structure cannot be ascertained with
certainty by CMA, it is recommended to report the
approximate percentage of cells (levels of mosaicism) for
acquired variants to give an estimate of possible clones and
subclones.

Full interpretation of clinically significant variants and a
text summary integrating results

The full interpretation should include comments on the
following variants:

e (Clinically significant CNAs and/or CN-LOH (tier 1 and 2
variants).
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o (Clinically significant pattern of CNAs and/or CN-LOH
(tier 1 and 2 variants).

® CNAs and/or CN-LOH of potential clinical significance
(cannot be tiered at the time of reporting). This category
addresses point 5 in “General and special considerations”
when there is uncertainty about an acquired variant being
indicative of a specific gene fusion in the absence of
supporting evidence at the time of reporting.

e Optional: other clonal variants (tier 3 variants).

The comments may contain information about the
prevalence and functional, prognostic, or predictive signifi-
cance of the detected CNAs or CN-LOH in a particular tumor
type. The laboratory may want to specifically point out the
presence of abnormalities that are associated with response to
a targeted treatment, in particular if they predict sensitivity to
an FDA approved drug. However, specific treatment recom-
mendations are not encouraged. A text summary should
integrate CMA results and correlate them with the results of
G-banded karyotype and FISH studies. This summary can be
included at the beginning or at the end of the interpretation
section. Key abnormalities detected by karyotyping and FISH
should not be classified into tiers, but should be discussed in
the summary with correlation to the CMA findings.

Recommendations

A recommendation section may be included when necessary
based on the findings. For example, appropriate follow-up
should be recommended in cases in which CMA findings may
be germline (see “Follow-up recommendations for suspected
germline variants”). Recommendations should also include
molecular confirmation of clinically significant abnormalities
that are predicted but cannot be established based solely on
CMA results (this includes breakpoints suggestive of a
particular abnormal gene fusion, CN-LOH suggestive of a
variant in a particular oncogene or a tumor suppressor gene,
etc.). Treatment recommendations (for the use of specific
targeted therapies or enrollment into specific clinical trials)
typically should not be included, considering that a treatment
choice depends on many factors (other than the diagnosis
provided on a test requisition and the CMA findings) that are
unknown to the laboratory.

References
Key publications that were used as evidence to classify
detected variants into tiers should be listed in the final report.

Methodology and disclaimers

Methodologic details should be presented at the bottom of the
report and should include a brief description of the array
platform and assay performance characteristics; this may
include size resolution and limitations of the assay (e.g., lack
of sensitivity for detecting abnormalities present in a low
proportion of cells in the sample, inaccuracy in ploidy
determination, inability to detect balanced rearrangements,
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etc.). Criteria for inclusion of findings in the report and
criteria for tier classification should be briefly stated.

The order of different report sections is at the discretion of
the laboratory director. Laboratories should have the freedom
to choose their own reporting format as long as the report
includes the required information outlined above and clearly
communicates clinically relevant findings. Laboratory report
formats may be limited by a specific reporting system used by
the associated hospital, medical center, or commercial entity.
Several report examples for different tumor types, including
cases with both simple and complex findings, are provided in
the supplementary materials of this document.

SUMMARY

The technical standards for interpretation and reporting of
acquired CNAs and CN-LOH in neoplastic disorders
described were developed in response to an urgent need to
standardize the interpretation and reporting of these acquired
variants using an evidence-based system with objective
criteria. These recommendations represent an expert con-
sensus of the workgroup members based on literature review,
empirical data, and their professional judgment. These
recommendations describe a four-tier evidence-based cate-
gorization system for acquired CNAs and CN-LOH. They
outline the variant classification criteria for each tier based on
the level of evidence available, and provide examples in tiers 1
and 2 in various hematologic malignancies and solid tumors.
This document also provides a list of standardized definitions
of terms used in the reporting of these variants, and
recommendations for handling suspected clinically significant
germline variants. Finally, this document outlines a frame-
work for the clinical reporting of acquired CNAs and CN-
LOH. The workgroup believes that the technical standards
presented here will help clinical laboratories in achieving
better standardized interpretation of CMA results. The
workgroup will be constantly reviewing and revising
these recommendations based on feedback from the
cancer genomic community through a follow-up evaluation
mechanism established in collaboration with the ACMG
and CGC.

SUPPLEMENTARY MATERIALS

e Supplementary Table 1 illustrating selected tumor sup-
pressor genes associated with germline predisposition to
cancer.

® CMA report examples in hematologic malignancies and
solid tumors.

e Supplementary figures illustrating examples of amplifica-
tion, chromothripsis, intrachromosomal complexity, and
genomic complexity. The same pattern of acquired CNAs
suggestive of a specific disease entity is demonstrated
using different CMA platforms. To illustrate the clinical
utility of this tier classification system in the interpretation
of acquired CNAs derived from whole genome sequencing
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(WGS), examples of such abnormalities derived from
WGS data are also included.

SUPPLEMENTARY INFORMATION

The online version of this article (https:/doi.org/10.1038/s41436-
019-0545-7) contains supplementary material, which is available
to authorized users.
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The supplementary materials for the “Technical laboratory standards for interpretation and

reporting of acquired CNAs and CN-LOH in neoplastic disorders” are listed below (with hyperlinks

to the individual supplements):

1.

Supplementary table 1

2. CMA report templates
3.
4

CMA report examples

Supplementary figures
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