Cytogenetics: Applications

Chiyan Lau

Introduction

In the previous chapter, we discussed the laboratory techniques used to detect various
types of genetic abnormalities, from single nucleotide changes to changes that affect
entire chromosomes. We discussed the principles behind some of the more com-
monly used cytogenetic and molecular genetic techniques. In this chapter, we will
look at how these techniques are used clinically in various diseases/conditions
including cancer and constitutional disorders, and we will discuss some of the con-
siderations that may go into deciding what would be appropriate genetic tests to
perform in these clinical scenarios.

Cancer Cytogenetics

One important area of application for cytogenetic techniques is in cancer manage-
ment, to detect somatic genetic changes in the neoplastic cells. This is particularly
relevant for haematological malignancies, but there are increasing numbers of solid
tumours where cytogenetics has a role. In cancer, cytogenetic investigations can be
used to help with diagnosis, inform prognosis, or help prioritise treatment options.
The following are some examples. We shall also discuss situations where molecular
genetic techniques may be more appropriate.
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Diagnosis and Monitoring
Chronic Myelogenous Leukaemia

Chronic myelogenous leukaemia (CML) is a myeloproliferative neoplasm, a clonal
proliferation of haematopoietic stem cells of one of the myeloid lineages. One of the
defining features of CML is the presence of the Philadelphia chromosome (Ph),
which is present in 90-95 % of CML cases [1]. The Ph chromosome is the result of
a reciprocal translocation between the long arms of chromosomes 9 and 22, t(9;22)
(q34;q11.2). This structural rearrangement results in the creation of a fusion gene
formed from the 5" part of BCR on chromosome 22 and the 3" part of ABL1 on
chromosome 9. ABL1 is a tyrosine kinase, and the active promoter element of BCR
in myeloid cells overactivate the transcription of the fusion BCR-ABLI product,
leading to constitutive activation of tyrosine kinase signalling, resulting in deregu-
lated cell proliferation [2].

The Ph chromosome looks like a shortened chromosome 22, and was historically
detected by standard karyotyping on bone marrow aspirate [3]. It is now more com-
monly detected by FISH using fusion probes, where the ABL1 breakpoint region on
chromosome 9 is targeted with a FISH probe labelled with one colour (e.g. red), and
the BCR breakpoint region on chromosome 22 is targeted with a probe labelled with a
different colour (e.g. green). In a normal cell with no Ph chromosome, there will be
two red and two green signals. If a t(9;22) translocation is present in the cell, there will
be two yellow fusion signals, together with one red and one green signal. The use of
FISH has an advantage over karyotyping in that ~5—10% of CML cases do not have a
typical Ph chromosome. Some of these are atypical translocations involving a third or
even fourth chromosome, while others are cryptic translocations which cannot be
detected by karyotyping [4]. In these atypical Ph-negative cases, BCR-ABLI1 fusion is
still present, and therefore can be detected by FISH. Another advantage of FISH is that
it can be performed on interphase cells, thus eliminating the need for cell culture.

At the time of diagnosis, the number of CML cells in the patient’s blood is high,
therefore BCR-ABLI1 fusions are quite easy to detect by FISH. However, once the
patient has undergone treatment, e.g., with the kinase inhibitor imatinib (Glivec), the
number of cells from the CML clone would decrease and eventually fall below the
limit of detection of karyotyping and FISH if treatment is successful (‘Complete
Cytogenetic Response’) [5]. In order to continue to monitor the patient for signs of
relapse at this stage of the disease, a more sensitive method is required, such as real-
time PCR [6]. This molecular method quantifies the number of copies of BCR-ABLI1
transcripts in the patient sample, and allows early detection of relapse before the CML
clone has expanded above cytogenetically detectable levels. Loss of disease control
may be due to ABL1 kinase site mutations leading to acquired resistance to therapy,
and can be detected by ABL1 sequencing [7]. Depending on the mutation, changes in
treatment (e.g. to newer generation kinase inhibitors such as nilotinib or dasatinib)
may be possible to maintain control over the CML [8, 9]. Therefore, while cytoge-
netic methods are useful at the time of CML diagnosis, molecular methods are the
investigations of choice during minimal residual disease monitoring [10].
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Prognosis and Management
Multiple Myeloma

Multiple myeloma (MM) is a malignant proliferation of plasma cells. It is a
heterogeneous disorder, with several subtypes differing in prognosis and the under-
lying genetics. There are a number of recurrent chromosomal abnormalities in MM
which are predictive of prognosis, therefore standard cytogenetics and FISH analy-
ses can be useful in MM.

Multiple myeloma can be broadly divided by genetic changes into two main
groups: hyperdiploid and non-hyperdiploid. The hyperdiploid group (h-MM) shows
numerous trisomies (resulting in chromosome number >46) and generally has a bet-
ter prognosis. This group has a low prevalence for translocations involving the immu-
noglobulin heavy chain gene locus (IGH) at 14q32. In contrast, the non-hyperdiploid
group (nh-MM), which includes hypodiploid, pseudodiploid, and near-tetraploid
cases, tends to have a poorer prognosis. This group is enriched for 14q32 IGH trans-
locations, although not all IGH translocations confer a poor prognosis. Specifically,
the t(11;14) IGH/CCNDI translocation appears to have a neutral or even favourable
prognosis, while the t(4;14) IGH/FGFR3-MMSET translocation and t(14;16) IGH/
MAF translocation are associated with poorer survival. Other cytogenetic changes
which are markers of poor prognosis in MM include deletion of the TP53 gene at
17p13 which codes for the p53 tumour suppressor protein, 1q21 gains, 1p21 dele-
tions, and cytogenetically detected monosomy 13 and 13q deletions [11, 12].

Interphase FISH can be used to detect these chromosomal changes. One strategy
is to use a 14q32 break-apart probe to determine if the IGH locus is involved in a
translocation, and if so, specific fusion probes for t(11;14), t(4;14), and t(14;16) can
be used to determine the fusion partner. Karyotyping can also provide useful infor-
mation on other chromosomal abnormalities which may be present, but can be prob-
lematic because plasma cells from the MM clone often show poor growth in culture.
This results in an apparently normal karyotype result since the metaphases are dom-
inated by normal cells. Sole use of karyotyping for MM cytogenetics is therefore
not recommended.

For FISH testing in MM, to maximise sensitivity, it is recommended that either
purified plasma cells are used, or that FISH analysis/scoring is confined to plasma
cells by performing cytoplasmic immunoglobulin-enhanced FISH (cIg-FISH) [13]
or CD138 immunostaining [14]. The reason for this is that the bone marrow aspirate
specimen for cytogenetics often has a low concentration of plasma cells from the
MM clone, and this is further lowered by the effects of haemodilution. Standard
interphase FISH without cell enrichment would have a low sensitivity of abnormal-
ity detection on such a sample. Enrichment of the sample for plasma cells can be
achieved by using anti-CD138-conjugated beads. Alternatively, the use of cIg-FISH
allows identification of plasma cells during FISH analysis by immunofluorescently
staining cytoplasmic kappa or lambda light chains. This allows FISH scoring to be
restricted to plasma cells. These strategies maximise the chance that FISH analysis
is obtained on cells relevant to the disease process.
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Microarrays also play a role in current research in MM, for example, to identify
new cytogenetic changes which may have prognostic significance [15]. However,
standard arrays are unable to characterise translocations which play an important
prognostic role in MM, and at the present time, arrays are not widely used for clini-
cal testing in MM.

Chronic Lymphocytic Leukaemia

Chronic lymphocytic leukaemia (CLL) is a neoplastic disorder of mature B lym-
phocytes, where the neoplastic cells are commonly present in peripheral blood,
bone marrow, spleen, and lymph nodes [16]. A number of recurrent cytogenetic
abnormalities are commonly found in CLL cases, including deletions at 13q14.3,
trisomy 12, and deletions at 11g22-23 (including the ATM gene) and 17p13 (includ-
ing the TP53 gene) [17]. Among these, the deletions at 11q and 17p are associated
with adverse prognosis, while isolated deletion at 13q or the absence of cytogenetic
changes is associated with a more favourable disease outcome. These cytogenetic
changes, when used in conjunction with other clinical and laboratory information,
may also help to guide choice of therapy [18]. Commonly, a FISH panel consisting
of probes which map to 13q14.3, ATM, TP53, and CEP12 (centromere of chromo-
some 12) are used for detection of the common cytogenetic changes in interphase
peripheral blood cells. Conventional karyotyping in CLL is more difficult and less
sensitive than FISH owing to the poor growth of CLL cells in culture, and karyotyp-
ing has a lower resolution for small deletions. Microarray-based testing (especially
SNP arrays) may become a viable alternative to FISH [19], since it also does not
require dividing cells, has a high enough resolution for small deletions and is a sur-
vey of the entire genome (and can therefore detect additional chromosomal abnor-
malities other than those targeted by specific FISH probes), although currently it has
not yet been widely adopted in clinical CLL testing outside of research settings.

In addition to cytogenetic changes, somatic hypermutation status at the IGHV
locus (immunoglobulin heavy chain V region) also has prognostic significance, with
CLLs which show hypermutation having a better prognosis than unmutated cases
[20, 21]. Also, there is emerging evidence that pathogenic mutations in the TP53,
BIRC3, SF3B1, and NOTCHI genes also influence prognosis [22, 23]. These
changes cannot be detected by cytogenetic techniques, but require molecular
sequencing methods for detection.

Acute Leukaemias

In patients affected by acute leukaemias, including acute myeloid leukaemia (AML)
and acute lymphoblastic leukaemia (ALL), disease classification and prognosis
depend substantially on the genetic abnormalities in the malignant clone [24]. There
are a number of recurrent cytogenetic rearrangements which define particular sub-
types of AML. These include translocations and inversions such as t(8;21)(q22;q22)
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[RUNX1-RUNXITI], inv(16)(p13.1q22)/t(16;16)(p13.1;q22) [CBFB-MYHI11],
and t(15;17)(q22;q12) [PML-RARA], which are associated with better chances of
long-term survival [25, 26]. The PML-RARA rearrangement is specifically associ-
ated with a subtype of AML known as acute promyelocytic leukaemia (APL), which
responds to treatment with all-trans retinoic acid (ATRA) [27]. Other rearrange-
ments such as inv(3)(q21926.2)/t(3;3)(q21;926.2) RPN1-EVII and t(6;9)(p23;q34)
DEK-NUP214, as well as monosomies of chromosome 5 and 7, or complex karyo-
type (defined as 3 or more clonal cytogenetic abnormalities) are associated with
poorer outcomes [25, 26]. Likewise, in ALL of precursor B cell origin (B-ALL),
some cytogenetic changes have prognostic significance and are also used to define
disease subgroups and determine treatment options. For example, rearrangements
involving the MLL gene at 11q23 (especially t(4;11) MLL-AF4 translocations) are
associated with poor prognosis [28]. The presence of the Philadelphia chromosome
t(9;22) also confers a poor prognosis in adult ALL, although the availability of ima-
tinib treatment for this subgroup has improved patient survival [29].

Conventional karyotyping of bone marrow aspirate specimens is the standard
method for detecting these cytogenetic abnormalities in acute leukaemias. However,
in malignancy karyotyping, often the chromosome quality is poor, therefore FISH
testing (e.g. using fusion probes for specific rearrangements) is sometimes used to
confirm karyotype findings.

In addition to cytogenetic changes, mutations in genes such as FLT3, NPM1, and
CEBPA also have prognostic significance in acute leukaemias, but these require
molecular methods for detection [26, 30].

The prognostic information from cytogenetic (and molecular) studies allow the
clinician to adjust the aggressiveness of treatment and balance the risks and benefits
of offering allogeneic stem cell transplant, which is ultimately the treatment option
that offers a chance of cure in poor risk patients but is associated with significant
morbidity and mortality.

Non Small Cell Lung Cancer

Non-small cell lung cancer (NSCLC) is an aggregate category of lung cancers
which includes adenocarcinoma, squamous cell carcinoma, large cell carcinoma as
well as a number of rarer histologic subtypes. Most cases are discovered at an
advanced stage of disease and prognosis is poor. Traditionally, in metastatic
NSCLC the main pharmacological treatment option was combination cytotoxic
chemotherapy including platinum-based agents. Recently a number of genetic
abnormalities have been found in NSCLC (especially adenocarcinoma) which
allow targeted treatment of those subgroups of patients whose NSCLC carry spe-
cific mutations [31].

One of the specific mutations in NSCLC is a chromosomal structural rear-
rangement involving the anaplastic lymphoma kinase (ALK) gene, which codes
for a receptor tyrosine kinase. This rearrangement is found in approximately
2-7 % of NSCLCs, although it appears to be enriched in never- or light-smokers
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[32, 33]. The most common form is a paracentric inversion on the short arm of
chromosome 2 which creates a fusion product between the 5’ end of the EML4
gene at 2p21 and the 3’ end of the ALK gene at 2p23.2 [34]. This leads to activa-
tion of kinase signalling in the affected cell. The clinical importance of this ALK
rearrangement is the availability of a small molecule ALK inhibitor crizotinib
which has been shown to improve outcomes in patients who carry the ALK rear-
rangement [33].

The most common way to detect ALK rearrangements is by the use of a dual
colour break-apart FISH probe located at the 3’ end of ALK [32]. Karyotyping is
inappropriate because commonly the only specimen type available in NSCLC are
formalin fixed paraffin embedded (FFPE) tumour biopsies, which do not contain
viable cells capable of dividing. The use of break-apart FISH also has the advantage
of being able to detect atypical ALK rearrangements where the fusion partner is not
EMLA4. Theoretically, a molecular strategy (e.g. real-time PCR) could also be
designed to detect the specific EML4-ALK fusion event, but due to potential vari-
ability in breakpoints particularly in EML4 [35], this would be impractical espe-
cially in a clinical laboratory setting.

Another type of tumour-specific mutation in NSCLC is activating mutations
of the epidermal growth factor receptor (EGFR) gene. The majority of reported
mutations are small in-frame deletions in exon 19, and point mutations in exon
21 of the gene, including a missense mutation which replaces a leucine at amino
acid position 858 by arginine (p.Leu858Arg) [36]. These mutations lead to con-
stitutive activation of kinase activity in EGFR. Patients with activating muta-
tions in EGFR show improved response to anti-EGFR therapy, such as the
tyrosine kinase inhibitors (TKIs), gefitinib, and erlotinib [37]. Detection of these
activating mutations require molecular methods, since the DNA changes are too
small to detect by cytogenetic methods including FISH. Direct PCR/Sanger
sequencing of the EGFR gene is one way to identify the mutations. This method
has the advantage of identifying the exact mutation in the gene, and is also able
to detect rare mutations. The disadvantage is that if the mutation load in the
specimen is low (e.g. less than ~20 %), then sequencing may not be able to detect
the change, although there is some evidence that the analytical sensitivity of
Sanger sequencing may be higher for at least some mutations [38]. Also, tumour
DNA extracted from FFPE specimens tend to be lower quality and more frag-
mented, and may be difficult to sequence. Therefore a more commonly used
method in the clinical laboratory is a targeted mutation panel using strategies
such as real-time PCR, with specific PCR primers and probes which target a
panel of common activating EGFR mutations (and/or mutations which confer
resistance to TKI inhibitors) [39].

In addition to sequence variations, some NSCLCs have amplifications in the
copy number of EGFR genes. For these tumours, FISH probes against EGFR may
be used to detect the gene amplification, which will show up as multiple signals
per cell under fluorescence microscopy [40]. However, molecular methods are
required to determine if the amplified EGFR contains activating sequence
variations.
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Breast Cancer

Breast cells express receptors on the cell surface which respond to extracellular
growth signals. These include oestrogen receptors (ER), progesterone receptors
(PR), and HER?2 receptors. Human epidermal growth factor receptor 2 (HER2) is a
receptor tyrosine kinase which belongs to the same protein family as EGFR, and is
encoded by the ERBB2 gene on chromosome 17. In normal cells, there are two cop-
ies of the ERBB2 gene, one on each chromosome 17. In some breast cancers
(~20%), there is amplification in the copy number of the ERBB2 gene, leading to
overexpression of HER2 receptors on the cell surface. These HER2-positive breast
cancers have an aggressive disease course, but respond favourably to monoclonal
antibodies directed against HER2, such as trastuzumab (Herceptin) and pertuzumab
(Perjeta®) [41]. Testing for ERBB2 copy number has clinical utility since patients
with HER2-negative breast cancer do not benefit from anti-HER?2 treatment, and
trastuzumab is also known to have cardiac toxicity [42]. Therefore currently trastu-
zumab therapy is only recommended in patients with HER2-positive cancers.

ERBB2 amplification can be detected by FISH on an FFPE tumour specimen.
HER2-positive cells show multiple signals for the ERBB2 FISH probe, while nor-
mal cells only show two signals. Alternatively, some centres use a related non-
fluorescence in situ hybridisation (ISH) method for detection of ERBB2 copy
number, such as CISH (chromogenic ISH). These methods allow detection of sig-
nal in bright field microscopy rather than requiring fluorescence microscopy. Yet
another alternative is the detection of HER2 protein overexpression rather than
gene amplification. This method utilises immunohistochemistry (IHC) staining for
the HER2 protein. CISH and IHC allow co-examination of tissue morphology and
HER?2 status, and are less expensive compared to FISH analyses, although some
tumours show discordance between protein expression and gene amplification
results [43, 44].

In some breast cancer patients, there is a strong family history (e.g. with multiple
closely related relatives affected, who may also have developed breast cancer at a
younger age than average), which suggests a familial rather than sporadic form of
breast cancer. Germline mutations in some genes have been associated with familial
breast cancer. The most recognised of these are BRCA1 and BRCA2 which are
associated with autosomal dominant forms of breast (and ovarian) cancer predispo-
sition. In contrast to detection of ERBB2 amplification, which is performed on
tumour material, mutation screening of BRCA1/BRCA?2 genes for familial cancer
predisposition requires germline DNA (e.g. from peripheral blood specimens),
because the aim here is to determine if there is a heritable mutation in these genes.
The method used is most commonly a combination of direct Sanger sequencing and
MLPA, since the types of mutations reported in BRCA1 and BRCA2 include
sequence variations as well as whole exon deletions/duplications. FISH and karyo-
typing are generally not applicable, since the deletions/duplications are usually
below the resolution of these techniques. Microarrays, on the other hand, can tech-
nically detect the exonic deletions/duplications, but is seldom used in the clinical
laboratory for this indication because of factors such as cost.
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Some centres are moving to a massively parallel sequencing (MPS) approach for
BRCAL1 and BRCA?2 mutation screening [45]. Theoretically, MPS can detect both
sequence variations and whole exon deletions/duplications with the one technique.
However, at the time of writing, there are still technical issues with clinical imple-
mentation of MPS, especially with detection of copy number changes and bioinfor-
matic analyses, so this is still at a research and development stage in most clinical
centres.

Germline Disorders

Another major area of application for cytogenetic techniques is the diagnosis of con-
stitutional genetic disorders, either in the postnatal or prenatal period of life. The fol-
lowing are some examples of how cytogenetics are used in these clinical settings.

Postnatal Testing
Intellectual Disability/Developmental Delay

Intellectual disability (ID) and developmental delay (DD) are common presenta-
tions in the paediatric population with a wide range of severity. These encompass
disorders in one or more neurodevelopmental domains, including motor skills
(gross and fine), psychosocial, language, and cognitive development. Both environ-
mental factors and genetic factors may contribute to ID/DD.

One of the most common genetic causes of ID/DD is Down syndrome (DS), or
trisomy 21 [46]. DS patients commonly present with very typical and recognisable
facial features (dysmorphism), intellectual disability, and a range of other complica-
tions which may include heart and other organ defects, immune deficiency, etc. The
majority of Down syndrome patients have three separate copies of chromosome
21 in every cell of the body. However, in some DS patients, the extra copy of chro-
mosome 21 is fused to another acrocentric chromosome (chromosome 13, 14, 15,
21 or 22) at the centromere (as a Robertsonian translocation), rather than being free
in the cell. The translocation may have arisen de novo, but may also be inherited
from one of the parents, in which case the recurrence risk of aneuploidy in a subse-
quent pregnancy would be increased. Therefore the detection of translocation is
important for genetic counselling. Also, a small proportion of DS patients have
mosaic trisomy 21, where some of the patient’s cells have two chromosome 21 s but
other cells have three copies. The presentation of mosaic DS is variable and may be
milder than typical DS patients.

The most informative and appropriate test for Down syndrome is conventional
karyotyping, because of the known possibility of mosaicism and translocation.
Microarrays and FISH would also be able to detect the extra chromosome 21.
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However, microarrays have a lower sensitivity for mosaic Down syndrome, and
neither array nor FISH can detect a Robertsonian translocation. On the other hand,
a karyotype can, in the one test, detect and confirm the presence of the extra chro-
mosome 21, and determine if the extra copy is free or translocated to another chro-
mosome. If mosaicism is present, karyotype has a higher sensitivity for detecting
the abnormality than microarray.

Apart from Down syndrome, many other chromosomal deletions and duplica-
tions also cause ID/DD. The clinical presentations in these cases may often be non-
specific. In the past, karyotyping was used as the standard screening test for
non-specific ID/DD, with an abnormality detection rate of ~3—5 %. More recently,
microarray testing has become the preferred test, due to its ability to detect submi-
croscopic copy number changes (CNCs), i.e., microdeletions/microduplications.
Many of these CNCs also show significant association with autism spectrum disor-
der (ASD) and/or multiple congenital anomalies (MCA). Therefore, in the setting of
ID/DD, ASD, or MCA, microarrays are now recommended as a first line investiga-
tion, with an abnormality detection rate of up to ~15 % [47].

However, with the increased resolution of microarrays come new issues. Some of
the many CNCs detected by microarrays turn out to be relatively common in the
general population and are now believed to be benign ‘normal’ variation. However,
some of the detected CNCs appear to be rare, and have not been reported either in
the normal population or in affected patients. These CNCs are called variants of
uncertain clinical significance (VUCS). Other CNCs have been reported at a low
frequency in normal individuals, but appear to be ‘enriched’ in individuals with
certain phenotypes such as ASD and schizophrenia. Some of these are now thought
to be ‘susceptibility variants’ with variable penetrance or expressivity for the asso-
ciated phenotypes. In addition, microarray testing sometimes uncovers ‘incidental
findings’ such as deletion of genes associated with familial cancer syndromes (e.g.
BRCAL, BRCA2, APC, etc.). These findings do not explain the patient’s presenting
complaint of ID/DD, but may have important clinical implications for other mem-
bers in the extended family or for the patient later in life. These findings raise issues
of consent and disclosure, and present challenges for clinical management of the
patient and family. They highlight the importance of adequate counselling and
informed consent prior to embarking on genetic testing [48].

Syndromic Presentations

Sometimes ID/DD patients present with additional phenotypic features and/or facial
dysmorphism which suggest a specific syndromic diagnosis. In some cases where
the syndrome is associated with a specific chromosomal deletion/duplication, it is
possible to target the genomic region with a locus-specific FISH probe. For exam-
ple, in a child with conotruncal heart defects and cleft lip/palate, it is possible to
perform FISH using a probe which localises to the 22q11.2 DiGeorge/velocardiofa-
cial syndrome (DGS/VCES) critical region [49]. Observation of only one signal for
this probe would indicate heterozygous deletion of the locus and confirm the
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clinical diagnosis of VCFS. However, depending on the clinical circumstances,
microarray testing may in fact be a more efficient investigation, especially if there
is genetic heterogeneity (i.e. several genomic loci associated with the syndrome).

Single Gene Disorders

Apart from deletions/duplications, other genetic defects such as sequence variations
or triplet repeat expansion may also lead to ID/DD. These are not detectable by
cytogenetic methods, and will require the application of molecular techniques. One
important example is Fragile X syndrome.

The molecular mechanism underlying Fragile X is an expansion in the CGG tri-
nucleotide repeat at the 5" upstream region of the FMR1 gene. The number of CGG
repeats is variable in the population, but is normally <45. In affected individuals, the
number of CGG repeats expand to >200 (‘full mutation’ range), which leads to meth-
ylation of the promoter region of the FMR1 gene and silencing of expression of the
FMRI1 protein product (FMRP). Intermediate repeat sizes (56-200 repeats) are
known as pre-mutations, and can be found in asymptomatic males or carrier females.
Pre-mutation expansions do not cause ID/DD, but may have other late-onset health
implications such as premature ovarian failure or tremor-ataxia syndrome [50].

The expansion in the trinucleotide repeat creates a folate-sensitive fragile site
(FRAXA) on the affected X chromosome, and historically a special cytogenetic
method (karyotype after culture of cells in a modified folate-deficient media) was
used to detect the fragile site [51, 52]. However, this method is rarely performed today
due to costs, low sensitivity, and slow turn-around time. It should be noted that routine
karyotyping using standard culture techniques cannot detect the fragile site. FISH or
microarray testing also cannot detect the triplet repeat expansions. Instead, molecular
methods are now the method of choice for diagnosis of Fragile X. A common approach
is to use two complementary molecular methods to detect the entire range of possible
triplet repeat sizes. For smaller repeats, PCR followed by fragment analysis is used.
PCR primers are designed to amplify the genomic region containing the CGG repeats.
The size of the PCR product is determined by fragment analysis, which is used to
calculate the number of repeats. This method provides a highly precise estimate of the
repeat size (usually to +1 to 3 repeats) at the low end of the repeat size range (up to a
maximum of ~100 repeats), but for individuals with full mutations (>200 repeats), the
repeat tract is too long to amplify by PCR. Therefore, if no amplification product is
detected by PCR/fragment analysis in an affected male, Southern blot would be per-
formed, using a probe which binds to the restriction fragment containing the CGG
repeat. The size of the restriction fragment provides only a rough estimate of the
repeat size, but is able to detect expansions in excess of a thousand repeats [53, 54].

It is worth pointing out that in extremely rare instances, FMR1 gene deletions
and sequence variations have also been reported to cause Fragile X syndrome [55,
56]. In these very rare cases, FISH, microarray, and MLPA could be used to detect
deletions, and PCR/Sanger sequencing could be used to detect sequence variations.
But for the vast majority of Fragile X patients (>99 %), fragment analysis and
Southern blot are the mainstay of diagnosis.
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Infertility/Recurrent Pregnancy Loss

Another application of cytogenetic testing is for couples who suffer from infertility
or recurrent pregnancy loss. There are many possible underlying causes for this
clinical presentation, including anatomical, endocrine, and genetic factors either in
the male or female partner. One important genetic factor which may contribute to
this presentation is balanced chromosomal rearrangements, such as balanced recip-
rocal translocations, which may be present in the male or female partner.

In a balanced translocation, there is no net gain or loss of chromosomal material
in the carrier. Therefore, in most cases there are no phenotypic consequences in the
carrier unless the breakpoints interrupt an important gene. However, when the
gonadal cells in a carrier undergo meiosis, there is a high likelihood that some of the
gametes produced will be unbalanced, depending on the way the chromosomes seg-
regate. If the resulting unbalanced gametes were used in fertilisation, the zygote
formed would contain a chromosomal imbalance (typically a partial trisomy and a
concomitant partial monosomy of the chromosomes involved in the translocation).
The level of imbalance in these zygotes is such that many are not compatible with
full-term gestation, resulting in recurrent miscarriage.

Microarray analysis cannot detect balanced rearrangements in carriers since
there is no net copy number gain or loss. FISH testing is also impractical as a screen-
ing test since there is no way to predict which chromosomes are potentially involved.
Karyotype analysis is therefore the most appropriate method in this clinical
setting.

In addition to providing a precise diagnosis for the couple, cytogenetic investiga-
tion is also of value for planning subsequent use of artificial reproductive techniques
including pre-implantation genetic diagnosis (PGD). With PGD, knowing the spe-
cific rearrangement in the carrier parent allows specific FISH probes to be designed
to screen in vitro fertilised embryos. It then allows selective implantation of only
those embryos which contain a balanced chromosomal complement.

Prenatal Testing

In the prenatal setting, cytogenetic testing is often requested as a result of concerns
over the risk of aneuploidy, due to advanced maternal age or ‘high risk’ results of
biochemical maternal serum screening. Other common indications include the find-
ing of abnormalities on foetal ultrasound.

The most common prenatal diagnostic test is a conventional karyotype con-
ducted on an amniotic fluid (AF) specimen or chorionic villus sample (CVS). These
are invasive tests and carry a finite risk of miscarriage (estimated to be 1/100 to
1/200, depending on the centre) [57, 58]. These types of samples contain cells of
fetal origin that will divide in culture, thus allowing the use of standard cytogenetic
techniques to directly visualise the chromosomes in metaphase and confirm a tri-
somy or any other chromosomal abnormality if present. The turn-around time for a
result is typically in the order of 7-10 days.
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Many expectant mothers who have a ‘high risk’ for aneuploidy are understandably
anxious and often wish to have a faster answer. Another method which may be used
in this setting is aneuploidy FISH testing. This test is performed as interphase FISH
using probes which target the centromeres or specific loci on chromosomes 13, 18,
and 21 (and optionally chromosome X and Y) on uncultured fetal cells [59]. This
test provides a faster turn-around time, typically within 2448 h. The cells are
scored for the number of signals for each probe. Two signals for each of the chromo-
some 13, 18, and 21 probes is the ‘normal’ pattern. The presence of three signals for
the chromosome 21 probe would strongly suggest Trisomy 21. However, this test
cannot be considered a definitive test. The absence of a third signal does not exclude
the potential for duplication of a part of the chromosome which is not targeted by
the FISH probe. Abnormalities of chromosomes other than 13, 18, 21, X, and Y, or
unusual rearrangements, cannot be detected. Also, if trisomy is detected, it cannot
distinguish between translocation trisomy and a free extra chromosome.

For these reasons, aneuploidy FISH testing should only be considered an extra
screening step to fast-track an abnormal result. Whether the FISH result is positive
or negative, it should always be followed up with karyotype for a definitive
diagnosis.

More recently, some centres have started to offer microarrays for prenatal testing
[60]. The technical principles of prenatal array are similar to the use of microarrays
postnatally. As discussed already, microarray may have less sensitivity for mosaic
results compared to karyotyping or FISH, especially if the level of abnormal cells is
low (e.g. below 10-20 %), but can detect submicroscopic copy number changes.
This increased resolution may be perceived as an advantage, but it can also lead to
challenges to interpretation of results. For example, if a copy number change cor-
responds to a well-known microdeletion or microduplication syndrome, and is con-
sistent with malformations seen on fetal ultrasound, then the interpretation may be
straightforward, in which case the microarray testing has provided a diagnosis
where karyotyping could not. However, if the copy number change is a VUCS or
susceptibility variant or incidental finding, then interpretation of the finding and
counselling of the parents will be challenging.
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