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= Introduction

> In clinical prenatal diagnostic analysis, the G-banded karyotype has a resolution of 7-10
million base pairs (MB).

»Diagnosis of smaller findings is limited, and there is variation between different pre- and
postnatal preparations.

»The karyotype also requires the use of living, cultured cells, which often take 2 weeks to
grow and have a risk for culture failure.

»Chromosomal microarray analysis (CMA) uses genomic technology to identify small

subchromosomal gains and losses called CNVs.
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Cont...

» Array comparative genomic hybridization (aCGH) arrays use short (25-50 base
pairs) laboratory-made sequences of single-stranded DNA called oligonucleotides and are
designed to detect copy number alterations (gains or losses of genetic information)
compared with a reference control at specific genomic locations.

» CMA can be completed using extracted DNA from cultured or uncultured (direct) cells,
giving it a quicker turnaround time (potentially 3-5 days), which is particularly important

for patients pursuing prenatal diagnosis for pregnancy management decisions.
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Comparison of Detection of Diagnostic Technologies

Long Contiguous
Stretch of
Homozygosity,
Balanced Consanguinity, Copy
Translocations Unbalanced Zygosity, and Number Culture
Technology Aneuploidy and Inversions Translocations Triploidy Parentage Variants Required
G-banded Yes Yes Yes Yes No No Yes
karyotype
Com- Yes No Yes No No Yes No
parative
genomic
hybridiza-
tion array




——WHAT CAN A MICROARRAY DETECT THAT A
KARYOTYPE CANNOT?

v'CMA has a higher resolution than a karyotype, allowing for the detection of smaller CNVs
in addition to aneuploidies and large chromosomal deletions and duplications.

v' CMA can also be used when apparently balanced rearrangements are identified on a
karyotype to determine if it is balanced or if there is a small deletion or duplication at the
breakpoint(s).

v" A benefit of microarray over traditional karyotype is that tissue culture is not required.
DNA extracted from both uncultured (direct) or cultured villi and amniotic fluid are
acceptable as is DNA from cord blood, stillbirth tissue samples, and products of

conception.



Conditlon; Genomic
Location

16p11.2 duplication
16p11.2 deletion
16p13.11 deletion
1q21.1 cupiication

22q11.2 deletion syn-
grome (DIGecrge, VCFS)

22q11.2 duplication
1p36 oeletion synarome

Cnarcot-Marie-Tootn type
1A; 17p12 dupiication

X-inkad Ichthyosis;
Xp22.31 deletion
Willlams

7q11.23 delation
7q11.23 duplication
Prader-WIlll syndrome;
15q11.2 paternal desstion

Angelman syndrome;
15q11.2 maternal delstion
17q12 delstion

Sotos synadrome; 5q35
aaletion

Smith-Magenis

17p11.2 deletion
Cri-au-chat; Sp15 delstion
Koojen de Wies; 1721

dejetion

Potocki-Lupsikd syndrome;
17p11.2 duplication

1/4000

1/7500

1/10.000

1/12,000

114,500

1/15,000

1/15,000-
1725000

1/15,000-
1/50,000
1/16,000

1/20,000

Major Phenotypic Features

Normmal to DD, ASD, ADHD, microcephaly, psychiaric conditions
10/DD, ASD, ADHD, macrocephaly, psychiatric conaitions

10YDD, selzures, schizophrenia

Normal to motor skill and articulation aificulty, ID/DD, ASD, ADHD, sco-
liosis, abnormal galt, macrocephaly, short stature, psychiatric conditions
{schizophrenia, anxiety, depression), CHD (espacially Tetralogy of Faliot)
CHD {most commonly conotruncal), palate abnomaltties, charactenstic
facles, ID/DD, immune deficiency, hypocaicamia, psychiatric conaitions
In eany adulthood (schizophrenia, depression, bipolar disorden)

Normal to ID/DD, growth retardation, hypotonia

10/DD, hypotonia, selzuras, structural brain abnommalities, CHD, vision
and hearing Issues, skeletal anomates, characteristic facles

Siowly progressive nauropathy causing distal muscle weakness and
atrophy, sensory loss, and slow nerve conduction velocity first notice-
abie In the first or second dacade

1D/DD, ichthyosis, Kalimann syndrome, short stature, ocular albinism

10/DD, cardiovascular aisaase, characteristic facias, connective tissue
abnommalities, specific parsonality, growth anomalles, endocrine abnor-
maities

DD, nomal to ID Intellectually, speech problems, hypotonia, problems
with movement and walking, behavioral abnormaities, sezures, aortic
enlasgement

ID/DD, hypotonia and fesding aificultias In Infancy, excessive eating,
obesity, behavioral difficultias, hypogonadism, short stature

ID/DD, severe speach Impakment, galt ataxla, nappeopriate happy af-
fact, microcephaly, sslzures
&Wymmm.mwm
1D/DD, overgrowth, characteristic fackes

1D/DD, characteristic facles, sleap disturbances, behavioral Issues

High-pitched cry, microcaphaly, hypotonia, characteristic tacies, IVDO,
CHD

1DVDD, sociable parsonality, hypotonia, seizuras, distinct facial features,
CHD, kianey anomaiies, foot deformitias

IDVDD, ASD, hypotonia, CHD

ADHD, attartion deficit hyperactivity disorder; ASD, autism spectrum disorder; CHD, conganital hoart defoct; DD, dovalopmontal dalay:

1D, rtaloctial disability.
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~WHAT CAN A KARYOTYPE DETECT THAT A
MICROARRAY CANNOT?

% The G-banded karyotype remains the gold standard for the detection of balanced
rearrangements, for example, Robertsonian or reciprocal translocations and
paracentric or pericentric inversions.

% These are not detectable through CMA because the technology only identifies gains

and losses of information, not balanced rearrangements.

J
0.0

Karyotype is able to identify tetraploidy (92 chromosomes), whereas CMA cannot.

J
0.0

In addition, karyotype may be better at identifying mosaicism. CMA can typically
detect mosaicism down to approximately 15% or 20%, whereas karyotype with 15
cells counted can detect 15% mosaicism at 90% confidence, 19% mosaicism at 95%
confidence, or 27% mosaicism at 99% confidence.

% The clinical relevance of lower level mosaicism is questionable at times; but in some
instances, this information can prove beneficial in the full evaluation of risk for genetic

10

disease in a fetus.



_ IN'WHAT OTHER CLINICAL SCENARIOSIS—

MICROARRAY USEFUL?

» Because genetic abnormalities have been associated with at least 6%—13% of
stillbirths, consideration of CMA is recommended in this scenario.

» Reddy et al. found that microarray is more likely than karyotype to provide a genetic
diagnosis in cases of stillbirth.
Because CMA can be performed on DNA extracted directly from any fetal tissue and
does not require living cells, it is a useful tool in the evaluation of stillbirth, intrauterine
fetal demise, and spontaneous loss, even when aneuploidy is suspected.

= CMA can be helpful in cases where karyotype identifies a marker chromosome, a
translocation or other rearrangement (including balanced translocations), or other

cryptic result.

Reddy UM, Page GP, Saade GR, et al. Karyotype versus microarray testing for genetic abnormalities after stillbirth. N Eng/ J Med. 2012;367(23):2185-2193. i
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: urrent indications for microarray analysis in
prenatal diagnosis

Evaluation of ultrasound structural anomalies :

— Fetal samples for standart indications ,

— 5-6 % clinically significant CNV ,

— When structural anomaly present microarray analysis will
have a detection rate of 1-3 % beyond that of karyotype.

— What is the value if no ultrasound abnomality ??

— Expert opinion ?

— Cardiac, CNS, skeletal, urogenital, renal
— Increased NT

- IUGR

12
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—  CNVs identified during array CGH analysis using CytoChip oligonucleotide arrays.

Sample CNYV size and type/syndrome Phenotype and other

Case No. Gest (w) type Indication for study Initial Karyotype Array results or locus Outcome information

1 18+6 AF USS: ventriculomegaly, 46,XY arr 1943944(236,811,017- 10.36 Mb loss/1q44 TOP at 22 w Postmortem: agenesis of
partial agenesis of corpus 247,174,728)x1 dn microdeletion syndrome corpus callosum. Updated
callosum karyotype: 46,XY,del(1)(g43)

2 22 Placental USS: hypoplastic tibiae 46,XX arr 19p13.3q13.43(213,080- mos +19 TOP at 21 w Clinical diagnosis:

Tissue and fibulae 63,703,259)x2~3 dn brachyphalangy, polydactyly
and tibial aplasia’hypoplasia
syndrome. Updated
karyotype: mos 47,XX,+19 [6]/
46,XX [94]

3 16+4 Cultured AF DS +ve, USS: early onset 46,XX arr 2p25.3q11.2(26,551- mos 100.78 Mb TOP Postmortem: fetal heart in
IUGR, fetal heart in right 100,807,481) x2~3 dn gain/mos +2p right thorax, diaphragmatic
thorax, NT 4.6 mm in first hernia, left lung hypoplasia,
trimester ASD, 1A1V.Updated

karyotype: mos 47 XX+
del(2)(q11.2) [31/46,XX [27]

4 1745 AF Alpha thalassaemia 46,X,inv(X}p21g22.1) arr Xq22.1(99,482,878- 217 kb gain at Xp21.1, TOP at 18 w Hb Bart's disease
couple, USS: increased 99,663,419)x3 dn, 180 kb gain at Xg22.1/Unclear
cardio-thoracic ratic 16p13.3(162,893-169,832) x0 epilepsy & Intellectual disability

restricted to female, 6.94 kb
2-copy loss at 16p13.3/Hb
Bart's disease

5 24 AF USS: holoprosencephaly, 46,XY arr 8923.3924.12(113,718,332- 8.36 Mb loss in 8923.3- TOP at 23w No information

proboscis, hypotelorism 122,076,557) x1 dn 8g24.12/Langer-Giedion/
Trichorhinophalangeal

6 20+2 AF USS: Bilateral hand 46,XX arr 17p13.3(1,059,027- Two copy gain TOP at 23 w Postmortem: bilateral
deformity, missing 1,218,853) x4 159.83 kb gain in ectrodactyly
middle finger, compatible mat,17p13.3(2,260,944- 17p13.3
with ectrodactyly 2,366,399) x4 mat

7 13+4 v USS: enlarged fetal 46, XY arr 16g24.1(83,708,997- 1.72 Mb loss TOP at 1943 w Postmortem: bilateral low set

bladder 1.03 x1.08 x0.8 cm.
Dilated renal pelvis

85,428,578)x1 dn

ears, urethral atresia, bilateral
hydroureters and renal
dysplasia, malrotation of
gastrointestinal tract, rectal
atresia

AF: amniotic fluid; ASD: atrial septal defect; CV: chorionic villi; DCDA: dicherionic diamniotic; DS: Down syndrome screening; FB: fetal blood; Gest: Gestation; IUGR: intrauterine growth restriction; PPROM: preterm premature rupture
of membranes; TOP: termination of pregnancy; USS: ultrasound scan findings; w: weeks; +ve: positive.

doi:10.1371/journal.pone.0087988.t002
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“WHAT ARE THE CURRENT GUIDELINES AROUND
MICROARRAY UTILIZATION IN PREGNANCY?

U The American College of Obstetricians and Gynecologists (ACOG) and Society
for Maternal-Fetal Medicine (SMFM) recommend that all women be offered the
option of diagnostic testing regardless of maternal age.

Q In regards to CMA, they recommend that it replace karyotype for any patient carrying
a fetus with one or more structural anomalies who has elected to pursue diagnostic
testing or for any patient with a fetal demise.

O They state that either CMA or karyotype be performed for any patient having
diagnostic testing.

O Providers should discuss the benefits and limitations of both tests with the patient.

14



~——ARE THERE CERTAIN ANOMALIES FOR WHICH A COPY
NUMBER VARIANT IS MORE OR LESS LIKELY?

o Overall, several large-scale studies and subsequent metaanalysis have proven the
incremental benefit of CMA over karyotype in the setting of structural anomalies.

o These studies indicate a 6%—7% risk for a pathogenic CNV in the setting of a
structural anomaly and a normal karyotype.

When a single organ system is affected, the risk for pathogenic CNV drops slightly
approximately to 5%.

Notably for counseling patients, the organ systems most associated with pathogenic
CNVs include cardiac, renal, skeletal, urogenital, and CNS.

Donnelly et al. found that isolated renal and cardiac anomalies have the largest
association with pathogenic CNVs at 15% and 10.6%, respectively, and that fetuses
with more than one anomalous organ system have a 13% risk for a pathogenic or
likely pathogenic CNV.

Lower incremental diagnostic yields for isolated increased nuchal translucency have
been found (4.0%), likely because many increased nuchal translucencies are due to
whole chromosome aneuploidy.

Committee opinion No. 682: microarrays and next-generation sequencing technology: the use of advanced genetic diagnostic tools in obstetrics and gynecology. Obstet
Gynecol. 2016;128(6):e262—e268.

Donnelly JC, Platt LD, Rebarber A, Zachary J, Grobman WA, Wapner RJ. Association of copy number variants with specific ultrasonographically detected fetal anomalies. Obstet
Gynecol. 2014;124(1):83-90.

Grande M, Jansen FA, Blumenfeld Y], et al. Genomic microarray in fetuses with increased nuchal translucency and normal karyotype: a systematic review and meta—analyffss.
Ultrasound Obstet Gynecol. 2015;46(6):650-658.
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Figure | —Copy number losses of uncertain clinical significance. (A) BAC aCGH result on a fetal sample, showing de nove copy number loss
of one BAC clone in Xq27.3 (Table 3 case no. 7). Normalized data from both dye-reversal hybridizations are shown on the left in red and blue
and combined data are shown on the right in green. The red circles indicate the clone affected by copy number loss. (B) Top panel: Oligo aCGH
result showing two deleted clones in 15q26 (Table 3 case no. 11) (indicated by the red circle); middle panel: FISH results on metaphase spreads
with the deleted clones: bottom panel: schematic of the genomic region from the Ensembl genome browser showing gene content of the deletion
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Maternal Cell Contamination Testing

*» Because prenatal samples are typically obtained traversing the maternal habitus,
there is a risk that maternal cells may be present in villi or amniotic fluid and this
poses a risk for misdiagnosis.

¢ In particular, villi have a higher risk for contamination compared to amniotic fluid
because of difficulty in thoroughly cleansing maternal decidua from fetal cells.

% A maternal cell contamination study uses a maternal DNA sample and compares its
polymorphic markers to the prenatal DNA sample.

% When the proportion of maternal DNA is below the detection limit of the molecular test
(<10% for SNP oligonucleotide assays), then the result is likely to represent the fetal
genotype.

% If the level is >10%, then the excess of maternal DNA may obfuscate the fetal DNA and
prevent the diagnosis of a genetic condition, particularly if the genetic condition is a very
small CNV or mosaic.

% When a pregnancy is conceived via egg donor and CMA is pursued, MCC studies can
still be performed, but the laboratory should be notified so they are not surprised when
there are no matching polymorphic markers.

Antoniadi T, Yapijakis C, Kaminopetros P, et al. A simple and effective approach for detecting maternal cell contamination in molecular prenatal diagnosis. Prenat D/'agnl.
2002;22(5):425-429. 9



—Fluorescence In Situ Hybridization

» In the context of prenatal diagnosis, FISH remains the technique of choice for
confirmation of the common trisomies and sex aneuploidies (13, 18, 21, X, Y) within
24—-48 h after a diagnostic procedure.

» FISH provides relatively quick information to patients who have a high a priori risk for
the common aneuploidies due to abnormal ultrasound findings consistent with a

specific chromosomal syndrome, serum screening, or positive cell-free fetal DNA

results.

20
Practice bulletin No. 162: prenatal diagnostic testing for genetic disorders. Obstet Gynecol. 2016;127(5):e108— e122.
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Cont...

FISH does not replace the diagnostic accuracy of a karyotype, which should still be
pursued and will also assess for mosaicism and translocations.

In the event of an abnormal FISH result, confirmed by a karyotype, and consistent
with ultrasound findings, most clinicians would not pursue CMA further unless the
patient planned continuation of the pregnancy and wanted the additional information
provided by CMA.

Separately, when a mosaic aneuploidy is seen on karyotype, FISH is used to count
additional cells to further refine the level of mosaicism.

In such cases, FISH allows the geneticist to count potentially hundreds of cells with
relative ease.

However, as rapid sequencing techniques that provide information about all
aneuploidies in 4 h or less become mainstream, FISH may lose its usefulness.

21
Wei S, Williams Z. Rapid short-read sequencing and aneuploidy detection using MinlON nanopore technology. Genetics. 2016;202(1):37-44.



When Should a Karyotype Be Ordered in Addition
to a Microarray?

s The karyotype is a useful tool both in the follow-up of CMA results and in the
evaluation of certain family histories.

* When a CMA result is suggestive of an unbalanced translocation (e.g., in the
presence of a gain and a loss of information involving the distal ends of two
chromosomes), then follow-up parental testing via karyotype is essential to
determine recurrence risks for a couple.

*» If a couple presents with a personal or family history of recurrent pregnancy loss or
trisomy, then a parental blood karyotype is also helpful for the same reasons and
may prompt prenatal diagnosis if abnormal.

22
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—MICROARRAY RESULTS ARE POSITIVE; NOW
WHAT?

» A positive result, whether a known pathogenic variant or a VUS, poses counseling
challenges and will necessitate in-depth preparation before results disclosure,
preferably done by a genetics specialist such as a genetic counselor or geneticist.

» A positive result for a well-described CNV via prenatal diagnosis, such as Miller—
Dieker syndrome, should prompt the provider to inform the patient of the natural
history and prognosis of the condition, the available medical literature and patient
support groups, the recommended follow-up via ultrasound and echocardiogram, and
the appropriate referrals and support for the patient’s choice (continuation,
termination of pregnancy, adoption, etc.).

» Even with well-described CNVs such as this, uncertainty will exist regarding the

specific disease course for each patient.

23



“Cont...

Regardless of the patient’s decision about pregnancy management, the patient and
her partner should be offered appropriate parental follow-up studies to determine
recurrence risks.

Most known pathogenic variants will be de novo; however, some may be caused by a
parental rearrangement, and this risk varies by condition.

For example, approximately, 80% of individuals with Miller—Dieker syndrome have a
de novo deletion in 17p13.3, but 20% inherit a deletion from a parent with a balanced
chromosomal rearrangement.

A parent with a chromosomal rearrangement will have a higher recurrence risk than
those who have a child with a de novo CNV.

When a pathogenic susceptibility CNV is found, such as a 16p11.2 deletion, follow-up
parental testing should be offered with the clear discussion that a parent may also

harbor the CNV, conferring a 50% recurrence risk in all pregnancies. 24



—Cont... -

» When a VUS is found, the provider may require additional time before results
disclosure to fully review the available databases and medical literature.

» The provider should inform the patient specifically regarding case series or limited
data available regarding the natural history and prognosis of the CNV, the available
medical literature and patient support groups, the recommended follow-up via
ultrasound and echocardiogram, and the appropriate referrals and support for the
patient’s choice (continuation, termination of pregnancy, adoption, etc.).

» Parental follow-up studies will usually be recommended via a CMA if the CNV is
isolated and small, whereas karyotype = FISH will usually be recommended if the
CMA reveals a distal gain and a distal loss indicative of an unbalanced translocation.

> If the CNV is relatively common and detectable via FISH or quantitative PCR (gPCR),
such follow-up tests will be recommended.

» When uncertain, the provider can contact the resulting laboratory for further advice

regarding appropriateness of specific follow-up tests. =2



MICROARRAY RESULTS'ARE-NEGATIVE;
~NOW WHAT?

% It behooves the provider to remind the patient at the time of results disclosure that
CMA does not rule out all genetic conditions or birth defects.

* If the patient has a normal fetal ultrasound, the provider can be more reassuring
than if there is a structural anomaly.

% The provider should take care to review the patient’'s pregnancy and family history to
highlight the limitations of the test.

* For example, if there is a family history of autism, the provider may highlight the
value of a genetics evaluation for the affected individual and the limitation of CMA to

rule out all causes of autism.

26



Cont... -

% If the patient receives CMA at the time of CVS, he/ she should also remind the patient
to recontact his/her genetics provider if a new finding is identified on a second
trimester anatomy ultrasound as additional testing may be recommended.

 If the normal microarray results are in the context of a structurally abnormal
ultrasound, the results disclosure should include further discussion about the residual
risks for a genetic condition given the finding.

* Additional testing may be warranted such as a sequencing panel for genes
associated with the anomaly(ies) identified.

* Specific data are limited in this area as research catches up with the broad use of

CMA, but a literature search should be conducted on a case-by-case basis.

27
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Conclusion

« CMA will not detect all genetic disorders, and additional specialized testing may be
warranted if the provider deems necessary.
« Some identifiable genetic changes are associated with variable expressivity or
reduced penetrance, and it may not be possible to fully predict the phenotype of the
fetus.
 Despite advances, VUSs will sometimes be detected and further testing of parents may
assist in the interpretation.
= However, there are times when the clinical significance of particular variants may
remain unknown, which may lead to increased anxiety and stress in the pregnancy.
« CMA may detect adult onset diseases in the fetus, and such a finding may also be
present in an undiagnosed parent.
« CMA may reveal consanguinity or nonpaternity.

28






