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ABSTRACT

Objective A novel algorithm to identify fetal microdeletion events in maternal plasma has been developed and used in
clinical laboratory-based noninvasive prenatal testing. We used this approach to identify the subchromosomal events
5pdel, 22qlldel, 15qdel, 1p36del, 4pdel, 11qdel, and 8qdel in routine testing. We describe the clinical outcomes of

those samples identified with these subchromosomal events.

Methods Blood samples from high-risk pregnant women submitted for noninvasive prenatal testing were analyzed
using low coverage whole genome massively parallel sequencing. Sequencing data were analyzed using a novel

algorithm to detect trisomies and microdeletions.

Results In testing 175393 samples, 55 subchromosomal deletions were reported. The overall positive predictive value
for each subchromosomal aberration ranged from 60% to 100% for cases with diagnostic and clinical follow-up
information. The total false positive rate was 0.0017% for confirmed false positives results; false negative rate and

sensitivity were not conclusively determined.

Conclusion Noninvasive testing can be expanded into the detection of subchromosomal copy number variations, while
maintaining overall high test specificity. In the current setting, our results demonstrate high positive predictive values for
testing of rare subchromosomal deletions. © 2015 The Authors. Prenatal Diagnosis published by John Wiley & Sons Ltd.
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INTRODUCTION
In recent years, several studies have demonstrated the utility of
fetal aneuploidy detection using whole-genome sequencing of
circulating cell-free DNA (ccfDNA).'™ Since the launch of a
laboratory developed test in 2011, this technology has been
rapidly included in routine clinical management of high-risk
pregnancies.® More recently, this methodology has been
expanded to include subchromosomal events.”®

Historically, noninvasive maternal serum screening using
biochemical analysis for markers of fetal chromosomal
abnormalities has focused on the detection of trisomy 21,
which, at a rate of 14.2 per 10 000 live births in the United States,
is by far the most common chromosomal abnormality seen in
humans.!® The same biochemical markers that are used to
screen for trisomy 21 can also detect cases of trisomy 18, albeit
with less sensitivity, and have not been as useful in screening
for trisomy 13 or sex chromosome aneuploidies. The addition
of ultrasound and nuchal translucency measurement to
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biochemical screening in the first trimester has improved
performance and enabled earlier detection of trisomy 21 and
trisomy 18 as well as detection of some fetuses with trisomy 13
and monosomy X.

Together, trisomies 13, 18, and 21, along with sex
chromosome aneuploidies, make up 82% of karyotypic
abnormalities observed in amniocentesis samples.'” While
other types of chromosomal abnormalities and subchro-
mosomal events are individually more rare than the common
autosomal and sex chromosome aneuploidies, they are
collectively common as demonstrated by Wapner et al. in a
study of microarray analysis, which indicated that clinically
relevant subchromosomal events could occur in as many as
1.6% of pregnancies.'?

Noninvasive prenatal detection of these subchromosomal
events is important for many reasons. Parents of a child with
a microdeletion/microduplication syndrome may not receive
a specific diagnosis of the condition for several years into
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development,'®™'® resulting in the so-called ‘diagnostic

odyssey’. This time period can be financially draining and
physically and emotionally distressing to the child and his or
her family. Additionally, enrollment into early intervention
programs, combined with improvements in medical
techniques to treat certain physical conditions associated with
these syndromes may lead to long-term improvements in the
health and quality of life of affected individuals.*®

The focus of this study was to investigate the clinical
outcomes of specific subchromosomal deletions detected by
noninvasive ccfDNA testing. Between October 2013 and July
2014, subchromosomal analysis was performed on 123096
commercial samples for the following microdeletions: 1p36,
5p- (Cri-du-chat syndrome), 15q- (Prader-Willi/Angelman
syndrome), and 22q11.2 (DiGeorge syndrome/velocardiofacial
syndrome). In August 2014, three additional microdeletions
were added: 4p- (Wolf-Hirschhorn syndrome), 8q- (Langer—
Giedion syndrome), and 11g- (Jacobsen syndrome). In the
following time period between August 2014 and October
2014, an additional 52 297 samples were analyzed for all seven
microdeletions. The following is a description of data obtained
for the set of 55 cases that received a test report suggestive of
the presence of a microdeletion in this cohort.

METHODS

This study analyzed extracted ccfDNA fragments from
maternal plasma, which were then subject to whole-genome
sequencing and algorithmic analysis for chromosomal
aneuploidies and subchromosomal under-representation in
specified regions. Both fetal and maternal fragments were
sequenced and mapped to unique regions of the genome.
The unique reads were assigned to a 50kb bin, normalized
across the genome, and counted. An under- or over-
representation of fragments in the 50 kb bin are indicative of
a gain or loss in the genome. For autosomal trisomy analysis,
this technique analyzes for over-representation of DNA along
the entire chromosome and is described in Jensen et al?' To
determine the presence of subchromosomal deletions, this
study used a statistical method to search for consistently
under-represented regions followed by a decision tree to
differentiate whole-chromosome events from deletions and is
described at length in Zhao et al” The criteria for the
identification of positive subchromosomal deletion findings
were z-scorecgs < —3.95 and an LOR¢ps >10. Samples meeting
these criteria were flagged for additional review and, in some
cases, were reanalyzed to confirm positive findings.

Microdeletion results were designated as

findings’, meaning the test only reports on the presence of an
event but it does not provide a negative result when an event
is not detected. Referring physicians were alerted if the
microdeletion was suspected of being a maternal event based
on the degree of under-representation relative to the fetal
fraction. All clinical outcomes where a microdeletion was
reported were tracked by board-certified genetic counselors
staffed by the laboratory. Outcomes were designated as
‘confirmed’ if diagnostic testing on specimens obtained via
amniocentesis, chorionic villus sampling, or whole blood was
performed and the deletion was detected in the pregnant

‘additional
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woman, fetus, or both. The most common diagnostic tests
performed as follow-up were chromosomal microarray
analysis (CMA) or fluorescence in situ hybridization (FISH).
Outcomes that were designated as ‘suspected’ were those in
which phenotypic data via prenatal ultrasound or clinical
examination after birth were consistent with the phenotypic
presentation common to the deletion and the patient declined
any further testing. A deletion detected by ccfDNA analysis was
designated as falsely positive if diagnostic testing via CMA,
karyotype, or FISH was negative for the deletion in either the
fetus or the pregnant woman.

RESULTS

Of the 175393 specimens from high-risk pregnancies that
underwent microdeletion analysis from October 2013 through
October 2014, 55 (0.03%) were found to have one of the tested
microdeletions. Out of the 55 reported cases, diagnostic testing
results and/or clinical phenotypes were available for 53
pregnancies, (96%); two patients (4%) were lost to follow-up
(Table 1). Diagnostic testing via karyotype, CMA, or FISH
confirmed the presence of the deletion in the fetus, the
pregnant woman, or both in 41/53 (77.4%) cases
(Supplementary Table 1). Nine of the 53 cases (17.0%) did not
have confirmatory testing by karyotype, CMA, or FISH but
did demonstrate clinical features consistent with the deletion
as determined by ultrasound or phenotype evaluation
(Supplementary Table 2). False positive results were noted in
three cases, one case of 1p36 deletion and two cases of 5p
deletion (Supplementary Table 3).

Deletion of 22q11.2 was reported in 32 patient samples; for
20 of those patients, non-invasive prenatal testing (NIPT)
indicated a maternal component (Figure 1). Karyotype, CMA,
or FISH confirmed the presence of the deletion in the fetus,
the pregnant woman, or both in 23 (71.9%) cases. Eight
additional pregnancies were suspected because of ultrasound
findings consistent with the 22ql1.2 deletion, including
tetralogy of Fallot, or women with clinical features of 22q11.2
deletion syndrome but who declined further testing. One
patient with a suspected maternal deletion was lost to follow-
up. Twelve samples with a positive result did not indicate a
maternal deletion. In nine cases, the fetus was confirmed to
have the deletion by CMA or FISH (Supplementary Table 1).
Three other fetuses were strongly suspected to be affected
based on the presence of complex heart defects and other
ultrasound anomalies (Supplementary Table 2). Of the 20
maternally derived deletions, we would expect approximately
ten affected fetuses based on autosomal dominant inheritance.
We observed five affected fetuses of affected mothers
confirmed by either CMA or FISH, and four additional fetuses
were strongly suspected to have inherited the deletion
from an affected mother based on ultrasound findings or
phenotype. In all, nine of 21 (42.8%) affected or presumed
affected fetuses inherited the mutation from the mother.
Paternal samples were not tested, so it not clear whether the
other 12 affected or presumed affected fetuses inherited the
deletion from the father or whether those deletions were de
novo. Previous studies have suggested that 8-28% of 22q11.2
deletions are inherited. >
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Table T Clinical outcomes of noninvasive prenatal testing identified deletions

Deletion; associated Total Confirmed Suspected due to No additional Confirmed PPV lower-upper estimate
syndrome (n) identified  true positive clinical findings information false positive (95% confidence) (%)
22q11.2-; DiGeorge 32 28 8 1 0 96.9-100 (82.0-100)
(175 393)

1p36 5 3 0 1 1 60.0-80.0 (17.0-98.9)
(175 393)

15q; Prade—Willi/Angelman 9 8 1 0 0 100.0 (59.8-100.0)
(175 393)

5p-; Cri-duchat 6 4 0 0 2 66.7 (24.1-94.0)
(175 393)

4p-; Wolf-Hirschhorn 1 1 0 0 0 100.0 (5.5-100.0)
(52 297)

11q; Jacobsen ] 1 0 0 0 100.0 (5.5-100.0)
(52 297)

8q; Langer-Giedion 1 0 1 0 0 100.0 (5.5 - 100.0)
(52 297)

Confirmed cases were determined by diagnostic testing (chromosomal microarray analysis, karyotyping, or fluorescence in situ hybridization) of specimens obtained by an
invasive procedure in fetal, maternal, or both. Suspected cases were those where diagnostic tesfing was declined and phenotypic data via clinical presentation in person or by
ultrasound were consistent with the delefion. Positive predictive value lower estimate is calculated presuming all patients with no additional information are confirmed falsely
positive. Positive predictive value (PPV) upper estimate is calculated presuming all patients with no additional information are confirmed frue positives. The 95% confidence level is
calculated according to the efficientscore method and corrected for continuity.

22q11.2
Deletion Events
32

v . y

Deletion Confirmed Lost to follow up Deletion Suspected

23 il 8
Maternal No Maternal
Component Component

| I

No Maternal Maternal
Component Component

Maternal confirmed Confirmed Fetal Both Maternal and
Fetal Suspected
> Fetal suspected Only Fetal suspected 3
7 9 5

Both Maternal and
> fetal confirmed
4

Confirmed Maternal
> Only
2

Maternal suspected
> Fetal confirmed
2k

Figure 1 Breakdown of 22q11 deletions. Maternal component cases are indicated when a majority of circulating cell-free DNA contains the
deletion event

The 15q deletion encompassing the Prader-Willi and encompass the Prader-Willi and Angelman syndrome critical
Angelman syndrome region was identified in nine patients. region but that were clinically relevant as the distal region of
The deletion was confirmed by birth outcome, CMA, or FISH this loci is noted to have an association with autism spectrum
in four patients. The providers for four additional patients were ~ disorders in patients who have had CMA.?® All four of the
notified of smaller <1.5Mb deletions in 15q that did not fully = smaller <1.5Mb deletions were maternal and were confirmed
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by CMA. A suspected 15q deletion pregnancy was complicated
by intrauterine growth restriction of the fetus and severe
polyhydramnios, which are non-specific but common findings
in pregnancies with Prader-Willi syndrome.?”

Five 1p36 deletions were detected in the 175393 samples
included in this cohort. Of these, three were confirmed in the
fetus by CMA or FISH, one was lost to follow-up, and one
was a false positive result. One fetus lost to follow-up was also
positive by ccfDNA testing for trisomy 21. Trisomy 21 was
confirmed by karyotype, and the pregnancy was terminated
without additional analysis for the 1p36 deletion. The false
positive result had single nucleotide polymorphism CMA,
which showed loss of heterozygosity in the same 4.6 Mb region
that appeared in NIPT to be deleted. This could indicate a
post-zygotic rescue event of the deleted region. This patient
subsequently had premature rupture of the membranes at 23
weeks’ gestation and later delivered a premature infant with
features of Goldenhar syndrome.

The 5p deletion related to Cri-du-chat syndrome was
detected in six pregnancies. The deletion was confirmed by
CMA in four of the pregnancies. In two cases, the ccfDNA 5p
microdeletion was not confirmed by CMA from amniocentesis.

Deletion analysis of 4p, 8q, and 11q was performed on 52 297
samples in this cohort. One case each of 4p, 11q, and 8q
deletions was detected. The one case of 4p deletion, consistent
with Wolf-Hirschhorn syndrome, was confirmed by CMA.
CcfDNA testing detected a single 8q deletion that was
suspected of being maternal in nature. This was confirmed by

All high-risk NIPT

CMA to be maternal and was not inherited by the fetus. The
deletion detected on 11q was small (1.89 Mb) and distal to
the Jacobsen region but was part of an 11;15 translocation
detected by karyotype and CMA of amniocytes.

Ultrasound finding was the most common indication for
testing in those samples found to have a microdeletion, at
48.2% (Figure 2). This is higher than typically seen with
autosomal trisomy positive samples and in the general high-
risk NIPT population, 19.2% and 11.9%, respectively.
Advanced maternal age was the indication for testing in
32.1% of samples in which a deletion was detected, which is
half as frequent as the high-risk NIPT population with 66.8%.
Abnormal serum biochemical screening as an indication for
testing accounted for only 54% of samples with a
microdeletion. Of the five microdeletion samples that had at
least one indication of personal or family history on the test
request form, all five were categorized as 22q11.2 deletions
with a maternal contribution.

DISCUSSION

As expected, the most common microdeletion observed in this
large cohort was 22q11.2 because of its estimated prevalence of
1 in 4000 births.** Surprisingly, 20 of the 32 detected deletions
had a maternal contribution. Previously reported reproductive
fitness of individuals with 22q11.2 deletion syndrome has been
estimated between 8% and 28%.?>2° At this fitness and a
prevalence of 1 out of 4000, we would expect anywhere from
3 to 12 women with a 22q11.2 deletion to be identified in a

Trisomy Positive Subchromosomal Positive

Indications For Testing (n=175,393) (n=4,100) (n=55)
Maternal Age 66.8% 51.0% 32.1%
Ultrasound Finding 11.9% 19.2% 48.2%
Serum Biochemical Screening 8.4% 8.9% 5.4%
Personal or Family History 4.7% 1.0% 5.4%
Multiple Reasons 8.1% 19.9% 8.9%

100.0% 100.0% 100.0%
Al NIPT Positive Trisomy Positive
Subchromosomal

B Maternal Age

® Ultrasound Finding

B Serum Biochemical Screening

W Personal or Family History
Multiple Reasons

Figure 2 Indications for noninvasive prenatal festing (NIPT) testing by positive result. Multiple indications included patients in which more than
one indication for testing was marked. Trisomy positive results include trisomies 21, 18, and 13. Subchromosomal positive results included all

patients in which a deletion was detected and reported
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randomly selected population of 175393 pregnant women.
Instead, 20 pregnant women were identified by ccfDNA to
carry the 22q11.2 deletion, which was either confirmed by
diagnostic testing or strongly suspected based on clinical
presentation, with one lost to follow-up.

There are explanations for the higher-than-
anticipated rates of maternal 22q11.2 deletion in this cohort.
Small deletions are more common in these samples, which
likely represents women with less severe clinical features.
Whole-genome sequencing of ccfDNA more easily identifies
maternal deletions than fetal deletions. Because roughly 90%
of the DNA fragments are estimated to be maternal in origin,
those undiagnosed women with more mild phenotypes will
increase the maternal prevalence rate. Additionally, we cannot
exclude the possibility that reproductive fitness has increased
for women with 22ql1.2 deletion with improvements in
healthcare that can more effectively treat congenital heart
disease and also with improvements in early intervention
programs for persons with intellectual disabilities or learning
difficulties.

Although ccfDNA screening is designed to ascertain risk to a
fetus, as illustrated previously, maternal deletions are more
readily detected than fetal, an observation acknowledged
recently in a statement from the International Society of
Prenatal Diagnostics.?® In all, 25 of the 55 identified
microdeletions had a maternal contribution based on the
criteria that a majority of ccfDNA contained the event.
Identification of these maternal events is clinically relevant
for multiple reasons. Women with a microdeletion have a
50% chance of passing on the deletion to the fetus, which is
itself an indication for invasive diagnostic testing and a
significant risk factor for future pregnancies. Additionally,
diagnosis of a microdeletion in the pregnant woman could be
pertinent to the mother’s own medical care. Pregnant women
with a 22q11.2 deletion can be at increased risk for health
complications during pregnancy. Knowing that these patients
have the 22q11.2 deletion enables additional monitoring of
the woman during her pregnancy by a maternal fetal medicine
specialist as well as other appropriate specialists to improve
her chances of a healthy pregnancy for herself and delivery
for her fetus.

One primary concern with adding
conditions to a noninvasive prenatal test has been the potential
that it could result in an increase in the test’s overall false
positive rate, leading to additional diagnostic testing.?® Three
of the 55 identified deletions were confirmed to be false positive
results, and two patients were lost to follow-up. Assuming all
cases lost to follow-up were false positive, the false positive rate
of this cohort is 0.0029% with a positive predictive value of
90.9% (confidence interval (CI): 79.3-96.6%). Although this
marks a slight increase in invasive testing when compared with
NIPT without these additional findings, the clinical population
tested in this study was all high-risk and, in the absence of
NIPT, would have been recommended to undergo invasive
testing. It is important to note that these calculations were
performed including all confirmed events.

The classification criteria for subchromosomal deletion
screening favored a higher specificity with a lower sensitivity

several

subchromosomal
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to reduce false positives. Clinical outcomes were largely
unavailable for the 175393 pregnancies in which no deletion
was detected; therefore, sensitivity cannot accurately be
determined. Although this precludes a formal calculation of
sensitivity, one can approximate sensitivities either based on
the clinical feedback of reported false negatives, assuming
complete reporting, or from the birth prevalence, assuming
the theoretical expected value as the true positive value. For
clinical feedback, there were three confirmed false negative
patients for the eight subchromosomal events. All false
negative patients were fetal 22q11.2 deletion patients with an
average size of 2.2Mb. Sensitivity estimates based on this
feedback are >99.99% for all events except 22q11.2, which is
estimated at 91.2% (CI: 75.2-97.7%). Estimating sensitivity for
22q11.2 based on a 1 in 4000 prevalence results in 44 expected
cases with 32 identified in this cohort, yielding a sensitivity of
70.5% (CI: 54.6-82.8%). However, because 20 of those 32
findings were maternal and not all were confirmed in the fetus,
an estimated sensitivity range would be 50-70% for an average
22q11 finding of 2.1 Mb. For the more rare conditions in which
prevalence is less well known, estimating sensitivity in this
manner is of limited value.

One factor that impacts the detection of subchromosomal
events in whole-genome sequencing of ccfDNA is the size of
the deletion. The larger the event is in the fetus, the easier it
is to detect against a background of normal maternal DNA.
The sensitivity of detecting microdeletions with this method
is estimated based on deletion size. For deletions that are
<7 Mb, the sensitivity of the method at this level of sequencing
coverage is estimated to be 60-85%, with increasing sensitivity
as fetal fraction increases. For larger deletions, such as those
that might be detected on a G-banded karyotype, >7 Mb, the
sensitivity is estimated to be >85% at the level of coverage used
in this testing.”

Nearly half of all samples in which a deletion was detected
were referred for testing due to abnormal ultrasound findings,
double the frequency of those in which an autosomal
aneuploidy was detected. This indicates that adding
microdeletion screening, especially in cases with abnormal
ultrasound findings, can aid clinicians in detection of clinically
relevant findings that will guide pregnancy management and
care of the neonate after birth. However, while a positive
finding may be helpful in directing management, a negative
one does not exclude the possibility of a pathogenic
chromosomal rearrangement, and invasive testing may still
be required to confirm chromosomal normality.

Looking to the future, it is evident that noninvasive
screening for subchromosomal events can yield clinically
relevant information with reasonably low false positive rates.
While this study focused on a subset of a few known recurrent
microdeletions, pathogenic subchromosomal events may
occur across the genome, as such screening for these events
should be a consideration for future noninvasive testing.
Wider availability of subchromosomal screening should aid
clinicians in recommending confirmatory diagnostic testing
for a broader range of clinically significant genomic events,
with potential implications for both the fetus and the
pregnant woman.
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WHAT'S ALREADY KNOWN ABOUT THIS TOPIC2 WHAT DOES THIS STUDY ADD?

e Circulating cell free DNA is a powerful clinical tool that can defect
whole chromosomal aneuploidies in a fetus as early as 10 weeks
with high specificity and high sensifivity. Subchromosomal events
in the fetus have been shown to be defected via ccfDNA via whole
genome sequencing.
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