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Abstract

Our institution developed and continuously improved a Neurodevelopmental Reflex (NDR) algorithm to help physicians with
genetic test ordering for neurodevelopmental disorders (NDDs). To assess its performance, we performed a retrospective
study of 511 patients tested through NDR from 2018 to 2019. SNP Microarray identified pathogenic/likely pathogenic copy
number variations in 27/511 cases (5.28%). Among the 484 patients tested for Fragile X FMRI CGG repeats, a diagnosis
(0.20%) was established for one male mosaic for a full mutation, a premutation, and a one-CGG allele. Within the 101
normocephalic female patients tested for MECP2, two patients were found to carry pathogenic variants (1.98%). This retro-
spective study suggested the NDR algorithm effectively established diagnoses for patients with NDDs with a yield of 5.87%.

Keywords Autism spectrum disorder (ASD) - Copy number variant (CNV) - Fragile X - MECP2 - Neurodevelopmental

disorders

Neurodevelopmental disorders (NDDs) are a group of dis-
orders with impairments of the growth and development
of the central nervous system, including autism spectrum
disorders (ASD), intellectual disability (ID), developmen-
tal delay (DD), etc. NDDs can present as neuropsychiatric
problems, impaired motor function, learning difficulties, lan-
guage delay or non-verbal communication and affect >3%
of children worldwide (Mithyantha et al., 2017; South et al.,
2013; Waggoner et al., 2018). Determining the genetic etiol-
ogy of a child’s NDD can ensure early interventions, access
to appropriate services, prognostic information, and accu-
rate recurrent risk assessment. Genetic testing has been
recommended by several professional societies, such as
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the American College of Medical Genetics and Genomics
(ACMG), the American Academy of Neurology (AAN) and
Child Neurology Society (CNS), and the American Acad-
emy of Pediatrics (AAP), for patients with NDDs (Filipek
et al., 2000; Hyman et al., 2020; Manning et al., 2010;
Michelson et al., 2011; Miller et al., 2010; Moeschler et al.,
2014; Schaefer et al., 2013; South et al., 2013). However,
despite recommendations for genetic testing in children with
ASD/ID/DD, a survey study of 3371 families with children
suffering from ASD/ID/DD in the United States showed the
majority (68%) of these children did not undergo recom-
mended genetic testing (Kiely et al., 2016).

Genetic testing for NDDs can be difficult for clinicians
to navigate, especially for non-geneticists, and expensive
for families and the health care system to afford. Chromo-
some microarray (CMA) for copy number changes has
been recommended as the first-tier clinical diagnostic test
for children with NDDs (Manning et al., 2010; Miller et al.,
2010; South et al., 2013; Waggoner et al., 2018). Fragile X
syndrome is one of the most common causes of X-linked
intellectual disability and is caused by an expansion of a
trinucleotide repeat region in the promoter of the FMRI gene
(Mannermaa et al., 1996; Mila et al., 2018). Rett syndrome
is caused by mutations in the MECP2 gene and is a known
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genetic cause of X-linked autism and ID in normocephalic
females (Vidal et al., 2019). Pathogenic variants in PTEN
have been reported with a prevalence of 8.3% and 12.2% in
the ASD-macrocephaly and DD/ID-macrocephaly popula-
tions (Varga et al., 2009).

Historically, most patients with NDDs at our institu-
tion had concurrent orders for Fragile X testing, chromo-
some analysis, and SNP microarray. MECP?2 test was only
ordered for female children with typical Rett syndrome
cognitive and neurologic phenotypes. The patient with
atypical Rett syndrome might not be diagnosed by molec-
ular technology (Schaefer et al., 2013). We noticed few
orders for PTEN sequencing in patients with NDDs and
macrocephaly, likely due to unawareness of the availability
of PTEN testing and the complexities of ordering a send-
out test.

Therefore, to streamline test ordering and decrease the
cost of genetic testing in patients with NDDs, we developed
a more complete, user-friendly, and cost-efficient reflexive
testing algorithm, named the Neurodevelopmental Reflex
(NDR) genetic test. The original NDR algorithm was sep-
arated for patients with or without macrocephaly. Those
without macrocephaly started with CMA, and proceeded
to Fragile X analysis if CMA was not positive (normal,
likely benign, or variant of unknown clinical significance).
Those with macrocephaly, as stated by the ordering clini-
cian, started with PTEN sequencing. If PTEN sequencing
was normal or found only a variant of unknown clinical
significance, testing proceeded to Fragile X analysis. If
Fragile X testing was negative for a full mutation (normal,
grey zone, or premutation) then testing proceeded to CMA.
After utilizing this algorithm for a year, we analyzed our
outcomes and determined that PTEN sequencing was hav-
ing a far lower than expected positivity rate in this popula-
tion, and the algorithm was reformulated to improve its
efficiency.

The improved NDR (Fig. 1), which we are evaluating in
this study, puts CMA as the first line test for all, with Fragile
X as the 2nd line for all (if CMA is not positive). If Fragile X
analysis was negative for a full mutation (normal, grey zone
or premutation repeats), patients noted to be macrocephalic
would receive PTEN sequencing and normocephalic female
patients would receive MECP2 sequencing.

In the current analysis, we hope to share our experience in
the genetic diagnosis of patients with NDDs while we exam-
ine and summarize the clinical utility of this reflexive test-
ing algorithm, which aligns with testing recommended by
the ACMG for the genetic diagnosis of patients with NDDs
(Moeschler et al., 2014; Schaefer et al., 2013; South et al.,
2013). We hope to provide a model of how to streamline a
genomic testing algorithm that meets ACMG recommen-
dations in which pediatricians can order a single test for
children with NDDs.

SNP microarray analysis

Fragile X analysis

Normocephalic
male

No further testing

Macrocephalic Normocephalic
Female + male female

PTEN sequencing MECP2 sequencing

Fig. 1 The algorithm of Neurodevelopmental Reflex (NDR) genetic
testing. In this NDR algorithm, the SNP microarray analysis is the
first-tier testing, followed by Fragile X analysis, and the PTEN or
MECP?2 gene sequencing. PTEN gene sequencing is applied to mac-
rocephalic patients (as reported by the ordering clinician) with both
non-positive SNP microarray and Fragile X testing results. MECP2
gene sequencing is applied only to normocephalic female patients
with both non-positive SNP microarray and Fragile X testing results

Methods
Patient’s Enrollment

A retrospective study of 511 individuals who had a NDR
reflex panel ordered through Cincinnati Children's Hospi-
tal Medical Center (CCHMC) from January 2018 to April
2019 was conducted to evaluate the performance of the test
and positivity rate. This study was approved by CCHMC
Institutional Review Board. Subjects' data were obtained in
a de-identified state. In this investigation, the patient’s ages
ranged from 3 months to 35 years old and the sex ratio of
male/female was 2.8:1. Testing was ordered by clinicians
from a broad range of specialties and test indications were
extracted from the patients’ medical record.

DNA Extraction and SNP Microarray Analysis

Genomic DNA was extracted either automatically using
the Chemagic™ Magnetic Separation Module I instrument
(PerkinElmer, Waltham, MA) or manually using Qiagen
Puregene kits (Qiagen, Germany). Microarray analysis
was performed using the Infinium Assay with the Illumina
CytoSNP-850Kv1.2 BeadChip platform (Illumina, San
Diego, CA).

Fragile X

Isolated genomic DNA was assayed for CGG-repeat expan-
sion of the FMRI locus by analysis of DNA fragments
generated by the AmplideX FMR1 polymerase chain reac-
tion (PCR) and separated by capillary electrophoresis ABI
3500XL Genetic Analyzer (Applied Biosystems, Foster city,
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CA). Normal and mutation categories of FMRI alleles were
determined according to the ACMG guidelines with the nor-
mal repeat size as 5—44, gray zone as 45-54, premutation as
55-200, and full mutation >200. Full mutations were con-
firmed by Southern blot.

PTEN and MECP2 PCR and Sequencing

The entire coding region and exon/intron boundaries of
genes were analyzed by PCR and bidirectional sequencing
for PTEN (NM_000314.4) and MECP2 (NM_004992.2)
according to manufactory instructions (Roche, Indianapo-
lis, IN).

Blood Chromosomes

Chromosomal analysis was performed according to standard
procedures using GTG-banding.

Detailed methodologies are listed in the supplementary
data and available on request.

Results

The NDR algorithm sets SNP Microarray as the first-tier
test and reflexes to Fragile X testing if the result is not posi-
tive, then reflexes to MECP2 sequencing for normocephalic
female patients and PTEN sequencing for patients with mac-
rocephaly (a head circumference >98%ile) if the Fragile X
result is not full mutation (Fig. 1). Common clinical indica-
tions for patients in our cohort included autism spectrum
disorders, developmental delay, speech delay, intellectual
disability, gross motor delay, mixed receptive-expressive
language disorder, epilepsy, and/or dysmorphic features.
We analyzed variants detected by this NDR algorithm on
patients with neurodevelopmental disorders with samples
received from January 2018 to April 2019 at CCHMC. A
total of 511 patients (age 3 months — 35 years old, median
3 years) were tested. 376 (73.6%) were male and 135 (26.4%)
were female. More than 36% patients (188 out of 511) were
in the age group of 2 to 3 years. 22.3% patients (114 out of

Fig.2 Description of the 511
patient’s cohort from January 400 376
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Fig.3 Clinically significant CNVs identified by SNP microarray
analysis in 511 patients. a Classifications and frequency of 30 report-
able CNVs in 27 patients through SNP microarray analysis. The
majority of CNVs are interstitial deletions (15/30), followed by ter-
minal deletions (5/30), interstitial duplications (4/30), entire chromo-
some gain and mosaic duplications (3/30). b Accumulated numbers
of CNVs on different chromosomes. The most often affected chromo-
somes are X, 15 or 16

511) were in the age group of 4 to 5 years. 15.8% patients
(81 out of 511) were 6 to 10 years old. 14.8% patients (76
out of 511) were below 2 years (Fig. 2).

2826 CNV variants were identified through SNP Micro-
array analysis in the 511 patients. 30 CNVs were patho-
genic/likely pathogenic and explained the patient’s clinical
phenotype (1.06%). 4.5% were CNVs of uncertain clinical
significance (127). SNP Microarray results provided a diag-
nosis with clinical significance or likely clinical significance
in 27 out of 511 cases (5.28%), and uncertain clinical sig-
nificance in 53 out of 511 cases (10.37%). The majority of
the 30 CNVs from 27 patients reported were chromosome

o

>=16
11-15
6-10

4-5
135 2-3

Age (Years)

2018 to April 2019. a A total "
of 511 patients tested at our € 300
institution from January 2018 to 2
April 2019 included 376 males 3
and 135 females. b Age ranged G 200
from a few months to 35 years @
old. The majority of the patients 'E 100
were under 5 years old 3

0

Male

@ Springer

. 0_1
0 50 100 150 200

Female Number of patients



Journal of Autism and Developmental Disorders (2022) 52:4828-4842

4831

interstitial deletions (15/30), followed by terminal deletions
(5/30), interstitial duplications (4/30), entire chromosome
gain (2/30), and triplication (2/30) (Fig. 3a). The most fre-
quent CNVs identified in this study were from chromosome
X, 15 or 16 (Fig. 3b). The most commonly seen syndrome
diagnosed by CMA in this study is 15q13.3 microdele-
tion syndrome from four patients (Pts 283, 361, 506, 453,
Table 1).

There are 30 pathogenic/likely pathogenic CNVs detected
in 27 patients with a possible genetic diagnosis. Some
patients carry more than one pathogenic/likely pathogenic
CNVs. One patient (Pt 319, Table 1) with global develop-
mental delay, speech delay, dysmorphic craniofacial features
was identified with a 1.7 Mb duplication of 5p15.33 and
a 2.2 Mb deletion of 18p11.32, which corresponded to a
derivative chromosome 18 due to an unbalanced translo-
cation between the short arms of chromosomes 5 and 18.
Another patient was identified with two terminal deletions
(1.3 Mb and 4.3 Mb) on both ends of chromosome 18. This
patient presented with club foot, ptosis, speech disturbance,
intermittent exotropia, balance problem, weakness, lack of
coordination, mixed receptive-expressive language disor-
der, fine motor impairment, sensory processing difficulty
and global developmental delay (Pt 510, Table 1; Fig. 4a).
A ring 18 chromosome was suspected and was confirmed
by the follow-up chromosome analysis on this patient with
a karyotype of 46,XX,r(18)(p11.32q23) (Fig. 4b).

According to the NDR workflow, Fragile X tests were
performed in 484 patients (94.72%). Eight patients showed
abnormal FMRI CGG expansion size with repeats num-
bers including gray zone (45-54) (6 patients), premutation
(55-200) (1 patient), and full mutation (>200) (1 patient).
This full mutation male patient clinically presented with
mixed receptive-expressive language disorder, fine motor
development delay and tracheoesophageal fistula. He was
identified to have mosaic FMRI mutation alleles including
a full mutation allele (>200 CGG repeats), a premutation
allele (160 repeats), and a third allele with a smaller than
normal repeat size in the 5 UTR of FMRI (Fig. 5a). The
full mutation allele identified in this individual exhibited
an abnormal methylation pattern of the FMRI gene and this
was confirmed by Southern blot analysis (Fig. 5b). Sanger
sequencing analysis of the third allele showed that there was
a 83-bp deletion containing CGG repeats and an insertion
of a single base “A” which resulted in only one CGG repeat
in the 5" UTR of the FMR1 gene (Fig. 5c). By report, his
maternal second cousin had Fragile X syndrome. There was
no report of tremor or ataxia in grandfather, and there was
no report of primary ovarian insufficiency in other female
family members.

The MECP?2 test has been more utilized after we launched
the NDR algorithm. In the past, when the MECP?2 test was
just a stand-alone sequencing test, it was ordered, on average,

on about 22 patients per year. After the launch of NDR algo-
rithm, it has been ordered 3—4 times more than before as
part of the NDR algorithm. A total of 101 patients (19.76%)
were reflexed to MECP2 sequencing analysis in our cohort.
Two patients had heterozygous pathogenic missense variants
c.467A > G (p.Aspl156Gly) and c.473C>T (p.Thr158Met),
respectively, which leads to a diagnosis of Rett syndrome.
Two other patients were found to have a heterozygous vari-
ant of uncertain significance, c.824 T > C (p.Val275Ala) and
c.-187_-186del (Table 2). Another patient detected with an
abnormal MECP?2 result was a 12 year-old male patient with
macrocephaly, epilepsy, and ASD. First-tier CMA analysis
detected an 862 Kb duplication at Xq28, which included
MECP?2, and he was subsequently diagnosed with MECP2
Duplication Syndrome (Pt 198, Table 1). For the 99 patients
tested for PTEN sequencing analysis, all of them returned
with negative results.

Through reviewing the results of our NDR reflective tests
in the 511 patients with NDDs, we found that the diagnos-
tic yield of NDR was 5.87% in our patient cohort, and the
most often causes of NDDs were 15q13.3 microdeletion
syndrome, 22q11.2 deletion syndrome, 16p11.2 duplication
syndrome, as well as pathogenic variants, including CNVs,
in MECP2.

Discussion

Neurodevelopmental disorders are the most common
medical conditions in pediatric population. Identifying the
underlying etiology is important in the care of patients with
NDDs including early intervention and clinical management,
directing the patients and families to disease-specific sup-
ports and resources, informing prognosis, and recurrent risk
assessment. Historically, the majority of NDD patients at
our institution had concurrent orders placed for Fragile X
testing, chromosome analysis, and SNP microarray analy-
sis. The MECP2 and PTEN sequencing tests were under-
utilized. This NDR algorithm allows clinicians to place a
single order that includes all of the testing recommended by
ACMG for patients with NDDs, including testing for copy
number changes, Fragile X syndrome, Rett syndrome, and
PTEN related macrocephaly/autism syndrome (Schaefer
et al., 2013). This algorithm was particularly helpful for
the most common ordering providers who are from the
Department of Developmental and Behavioral Pediatrics at
CCHMC, who are not geneticists. The NDR was designed
as a reflexive algorithm with the test with the highest diag-
nostic yield done first, then reflexing to downstream tests if
prior testing is negative/normal. Starting with the highest
yield test, the automatic reflexive nature of this algorithm
warrants a saving in health care, comparing to the cost when
these tests were ordered concurrently. Ordering these tests

@ Springer
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in a sequential order manually will have the same cost of

-t
% =} g . . .
o g2 % ; saving effect. However, this automatic reflexive algorithm
= 5 . . R . . .
2 Ea £0 will save time in the overall diagnostic odyssey and is more
= 5 < . . .
5 g En = % user-friendly when compared with the manual sequential
;ﬁ S £g 8 é" order of these tests. The NDR algorithm also promoted a
< v = e . . . .
£EZ|Eaa < 8 reater utilization of the MECP2 testing in NDD patients,
0w O | & & S = g g p
25| 235= = especially for patients with atypical Rett syndrome, and fur-
E @ o e .5 _é ther identified the genetic etiology for two patients in our
=3 g gy p
g g cohort. These patients might be undiagnosed if the histori-
= p g g
2 ° cal routine tests were ordered. Although the PTEN analysis
[} [} E 5 g y
@ g g % & in our cohort did not identify any positive cases, a negative
g E E £ 2 result reduces the likelihood of PTEN as the genetic etiol-
& > > g5
3 5 5 S L ogy for a patient with NDD, which is very meaningful for
g o o g e the patient care, since PTEN hamartoma tumor syndrome
Q o = S . . . . . .
% 5 5 = z is associated with increased risk for certain cancers (breast,
&} = = = .
4 thyroid, renal cell, etc.).
g0 . .
= = 23 One of the goals for this study was to review and evaluate
i i c = the diagnostic yield of clinically ordered NDR tests. Our
2 2 =% g y y
% ) ) S data show a 5.87% diagnostic yield, with the majority of
% 2 2 A g y JOT1LY
§D E g E g 5 e positive cases (5.28%) diagnosed by CMA in the first-tier
=} =} 2] . . . .
2 = 9 =9 = 2 of testing. It has been reported that the diagnostic yield of
] S S ) g p g y
s |eE Lg R CMA ranged from 4.5 to 28.0% in 19 studies of ID/DD and
=} . . .
< < E £ E 52 ranged from 1.5% to 20.5% in 11 studies with ASD (Savatt
O B = =4 &
D D g5 & Myers, 2021). Although our study did not separate ID/
E: £ £ Z 5 DD from ASD, the diagnostic yield of CMA in our cohort
g L . . L
g o o 2 8 fell right into the previously reported diagnostic yield range
2| & g 55 & p y
23| %8 % 2 S e of both. The most often causes of NDDs in our cohort from
o8| S8 g g s . . . .
E5| % g 2 E 5_5 the first-tier CMA analysis were 15q13.3 microdeletion
2= | = | = =} . .
g Sl®msg @3¢ g E syndrome, 22q11.2 deletion syndrome, and 16p11.2 dupli-
Sold2s d=% £ 2 cation syndrome. These findings were consistent with the
28| asd .S 3 £ 5 g . . . .
Do | X3 < 3 =R “hot spots” autism loci reported in the 2013 ACMG practice
] . .
« « = ? uideline (Schaefer et al., 2013).
X X EQ 2 g . . S .
a a gk § An interesting finding in our cohort that we would like
S S - g ndine
N N 2R to discuss is the ring chromosome. We detected by CMA
= = T2 & 5 y
ﬁ ﬁ £22 and confirmed by high resolution chromosomal analysis one
- - g E E patient carrying a ring chromosome 18 with a karyotype
2 = = 2% 38 46,XX,r(18)(p11.32¢23). Ring chromosome, which arises
g ) ) e following breakage and rejoining in both chromosome arms,
g N a N a g 3 = has been reported for all human chromosomes with an esti-
g 5 § 5 § ELa mated frequency between 1/30,000 and 1/60,000 (Heydari
Z Eﬁ ) éﬁ 2 E ; e et al., 2014). Carriers of ring chromosomes may have vari-
12! g s g o < Z (Z) able degrees of symptoms, from asymptomatic to serious
g 389 g ymp ymp
. S =2 defects in physical and intellectual development. Com-
- 5SS S phy P
ER° == <32 mon features of patients with ring chromosome syndrome
= e g o e n 2= p g y
E 228 =70 SN include short stature and developmental delay (Guilherme
= £ E g = ED o 53 - p Y
085 oZ23 85 % et al., 2013; Pristyazhnyuk & Menzorov, 2018). Although
g sS3 8 S50 £ 5§ y y g
< Es 5 EgZ | E=¢8 ring 18 chromosome with the exact breakpoints has not been
) é S F ; 5 E £ ?OD:; g g g reported so far, patients with partial monosomy 18p or ring
Z|E $Sw § 3553 Sis 18 with different breakpoints have been reported with clini-
g1 o ~ % gﬁ '% cal features including difficulties in resisting infections, hol-
= |8 28 % oprosencephaly, micrognathia, tooth decay, ptosis, delayed
- | = =2 7 . L . .
@ |8 w 5% 8 development, intellectual disability, hypotonia, failure to
o | = — Pl . . .. .
s E 3 Q gl thrive, short stature with growth hormone deficiencies,
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Fig.5 Mosaicism for a full mutation, premutation, and deletion of the
CGQG repeats in a male patient diagnosed with Fragile X syndrome.
a Results of AmplideX FMRI PCR showed mosaic CGG amplifica-
tion with 160 and > 200 repeats. In addition, there is a peak suggest-
ing a deletion of CGG repeat (1) in comparison of the normal female
(NF) control. b Southern blot analysis detected differences in FMRI

percent of methylation when comparing peripheral blood with control
individuals (normal male and normal female). Full=full mutation,
Pre =premutation. ¢ Sanger sequencing results showed a 83 bp dele-
tion and 1 bp insertion of A starting from the upstream of 5’ end of
CGQG repeat and resulting in only one CGG. The A of the start codon
“ATG” has been designated as c.1

@ Springer



Journal of Autism and Developmental Disorders (2022) 52:4828-4842

4838

(owoIpuAs
oy ‘WA
86LTTOND
‘dINDH
JUBLIRA
Jursned aseasIp
se JINDH !
paist] aSueyd
pIoE ouTwE
JUSISYIP UOPOD
sweg (00T
“Ie 30 opnyy) L
-Anpoe ssaxddns
uonduosuer) Kerap
siredwt D961 reyuswdoroaap
15933ns sarpnys [eqo]3 ‘eruoy
[euonoung -odAy ‘Aefop
(100T “Te 1 Jojow sso13 ‘erd
addeiy, <100T -0AJN [eI91RTIq
Sur e 32 QUOJIBT) ‘erdoA[quie
-Sewrep Ajqeqoid QWIOIPUAS 1Y 19H/(A1D9s1dsy d) QATIORIJRI
/3ursned ased Vv Pim syuaned (SNA) €85€PT D<VLIYD [BISIB]IQ ‘BILISUE
-SI(J/SNOLIAN[A(  PoAIasU0d A[YSIH ur pajrodoy] (] JueLIBA JUIsqQy HLVd 1€ T66700 AN Qrewag pro sieak ¢ Kouaroyop uoly 8G¢
uorn
Z-uaydAjod/1ase], uoneA ANOH (uoneoyts -BOYISSB[D uon
-uoneINA/LAIS -19SU0D) U/ /suonesrqng -Se[D) JBAUT]D qQvwous JUeLIRA Kiso3Kzuerrep xog Sunserjoafy -vjuesaxd [eorury) ([ Juened

SAAN Y syuaned [(] JO INO  UI PAJOAIP SsjueLIeA dduanbas zgHF N 21qeiiodar jo Arewwng g a|qel

pringer

Qs



4839

Journal of Autism and Developmental Disorders (2022) 52:4828-4842

INDH U 10N
(900 “Te 10
[1eD-[92d)

QWIOIPUAS
119y dISSe[d
ym juaned
' ur pajrodoy

ugruag/3ursned
9SBASI(]/PareIAO],

VV PoAIdS
-u09 A[9JeISPOIA

(owoIpuAs

LR NAe))

8LIT66IND
‘dINDH

(€00t

“Te 30 opny|

S10T 1B R

[exp{nony)

uonounj urejord

[ewtou syreduwir

NSSI.Ley)

1s933ns so1
-pns [euonoun,j

dyd-ewoy

“zdoswyzdoow

/nenpamyd

zdoowy/:dny

HSvdney ut

panoday “(L00T

“Ie 30 Ao1og

‘800 “Te 39

[NAN]) SWOIPUAS

119y 10} BLISILID

[e91UT] JooW

j.uop syuaned

owos pue

QWIOIPUAS 1Y

Sur reowd£ye pue ors

-Sewrep A[qeqoid -Se[O 30q YIIM

/3ursned ase Vv sorewoy o[dn
-SI(J/SNOLIA[A(  PoAIesu0d A[ySty  -[nw ul pajtodoy

SONIANISUAS
KI0SU9S ‘I9pIO
-s1p wnnoads
wsnne ‘Ke[ap
reyuswdo[oAaap
9uourrredwut
a3en3ue|
‘saoueqIn)

-SIp yooadg 86

ey () ‘Teqo[3
U1 %,6000°0 “(Ust
-uurj-uou) uead
-omyg ur %7100°0 SNA

1OH/(BIVSLTIBA D)
D<L 8o
€T66Y00 AN d[ewd]

(SNA) Ov81EY

(] JUBLIBA pIo s1eak ¢

(HLvd

AT

/HIVd) 11811
] JueLIBA

Kefop

reyuswdoroaap

[eqoO[3 ‘1opIOSIp
wnnoads wsnny 8T

1OH/(PINGS 14y L d)
L<DELYD

Jussqy HLVd €'T66700 NN d[eWd] pro reak |

z-uaydAjog/iaise],
-uoneIN/LAIS

uoneA
-19SU0D) U/ YV

AWDH
/suonea1qng

uon
-BOLISSB[D uon
JuBLIBA Ky1so3Azyuetrep X3S Sumse) Jo oy  -vyussaxd [eomur)) ([ Iusned

(uoneoyrs

|m.m~muv IBAUI[D Q<EOEM

(ponunuoo) zsjqey

pringer

a's


http://mecp2.chw.edu.au/mecp2/mecp2_home.php
http://mecp2.chw.edu.au/mecp2/mecp2_home.php
http://mecp2.chw.edu.au/mecp2/mecp2_home.php
http://mecp2.chw.edu.au/mecp2/mecp2_home.php

4840

Journal of Autism and Developmental Disorders (2022) 52:4828-4842

Table 2 (continued)

&

SIFT/Mutation-
Taster/Polyphen-2

AA/nt Conser-
vation

Publications/
HGMD

ClinVar (Clas-
sification)

gnomAD

classifica-

tion

Variant
A%

Variant/Zygosity

Age of testing Sex

Patient ID Clinical presenta-
tion

Springer

N/A

Reported in a Nucleotides

Not reported

0.0579% in

[N

c.-187_-186del/Het

Female NM_004992.3:

Autism spectrum 5 years old

215

conserved

female patient
with mental
retardation,

European

Same with

disorder, mixed
receptive-

(non-Finnish), 3
Hemi; 0.0356%

in global

¢.-27_-26del/Het

NM_001110792.1:

expressive
language

not observed
in controls

disorder, global
developmental

delay

(Harvey et al.,
2007)

HGMD:

CD075460

(DM?, Mental

retardation)

Mutation nomenclature is based on the recommendation by Human Genome Variation Society (HGVS) that nucleotide + 1 is designated the A of the ATG-translation initiation codon. AA amino
acid; nt nucleotide; gnomAD genome aggregation database; HGMD human gene mutation database, PATH pathogenic; VUS variant of unknown significance. See references in supplementary

data

microcephaly, speech problems, hypertelorism, low-set ears,
epicanthal folds, and cleft palate (Carter et al., 2015; Chen
et al., 2010; Heydari et al., 2014; Stankiewicz et al., 2001;
Timur et al., 2004). The signs and symptoms associated with
a ring chromosome 18 depend on how much genetic mate-
rial is lost from each arm of the chromosome. A critical
gene is myelin basic protein (MBP; OMIM: 159430), which
is located at the deleted region of 18923 (Harauz et al.,
2009). MBP gene encodes a protein which is incorporated
in oligodendrocytes and Schwann cells myelin sheets. It has
been reported as a candidate gene in a 2.5 year-old male,
with an abnormal chromosome karyotype of 46,XY,r(18)
(p11.32g21.32), who had overlapping features with our
patient, including cleft lip, club foot and mild developmental
delay (Heydari et al., 2014).

It was suggested that molecular single gene testing for
Fragile X, Rett Syndrome, and PTEN will complement CMA
and/or traditional cytogenetics in a clinical setting for neu-
rodevelopmental/ASD disorder diagnosis (Schaefer et al.,
2013). In this study, fragile X syndrome (FXS) testing iden-
tified mosaic FMRI full mutation alleles in a male patient.
This patient carried a full mutation allele, a premutation
allele, and an allele with one CGG repeat that resulted from
an indel in the 5" UTR region of the FMR gene. Deletions
found in the mosaic state in full mutation males have been
reported but are very rare and are typically larger than the
deletion identified in this patient (Coffee et al., 2008; de
Graaff et al., 1995; de Vries et al., 1993; Goncalves et al.,
2016; Mannermaa et al., 1996). The phenotypic consequence
of this indel in the mosaic state is currently unknown.
Although we only found one patient with FXS, since ASD
is present in 50-70% of individuals with FXS, a negative
test result can exclude the diagnosis of FXS and allow sub-
sequent reflex tests or other genetic tests to be performed.

PTEN is a well-known gene associated with ASD and
macrocephaly (Butler et al., 2005; Varga et al., 2009;
Zhou & Parada, 2012) and has been recommended by the
ACMG practice guideline in identification of the etiology
of ASD (Schaefer et al., 2013). Based on the ACMG prac-
tice guideline, we included PTEN sequencing in our NDR
algorithm. When we initially established the NDR reflexing
algorithm, PTEN analysis was set as the first-tier testing
for patients who presented with macrocephaly, followed
by Fragile X testing, and finally SNP microarray analy-
sis. However, all the 40 patients with macrocephaly who
received PTEN testing returned with negative results (data
not shown). Therefore, we adjusted the algorithm as indi-
cated in Fig. 1 to move PTEN sequencing to the third tier.
Interestingly, in the current study, none of the 99 patients
with macrocephaly were positive for pathogenic variants by
PTEN sequence analysis. This “lower than expected” yield
from PTEN sequencing may be due to the bias in defining
macrocephaly or the fact that many macrocephalic patients
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in our cohort may have NDD other than ASD, which is the
main symptom associated with PTEN. While this supports
the decision to move PTEN to the end of the algorithm,
given the extremely low yield of PTEN testing, we are
considering replacing it with a more comprehensive next
generation sequencing test which covers more genes and
has a higher yield in NDDs. Single gene PTEN sequenc-
ing will still be available for clinicians to order if there is
a strong clinical indication for a disorder associated with
variants in this gene.

In summary, we show here that the NDR algorithm can
effectively establish the genetic diagnosis for patients with
NDDs, especially using CMA as a first-tier test follow-
ing the ACMG guideline published in 2010 (Miller et al.,
2010). With the advance of next-generation sequenc-
ing (NGS) technology and its implementation in clini-
cal genetic laboratories, tests utilizing a combination of
NGS and microarray have shown higher diagnostic yield
in NDDs. In a recent study, a cohort of 8565 patients with
epilepsy and NDDs tested by NGS and aCGH identified a
genetic etiology in 15.4% of patients (Lindy et al., 2018).
A meta-analysis comparing the yield of exome sequenc-
ing (ES) in NDDs with that of CMA showed that ES’s
yield was markedly greater than CMA and a consensus was
proposed to place ES as the first-tier clinical test in a diag-
nostic algorithm for unexplained NDDs (Srivastava et al.,
2019). Recently, a new ACMG guideline was published
recommending that exome and genome sequencing should
be considered as a first- or second-tier test for patients with
one or more congenital anomalies (CA)/DD/ID (Manickam
et al., 2021).

Our laboratory recently launched an ASD/ID/DD exome
slice panel with the option to reflex to WES, including trio
analysis (proband and parents). We will monitor the perfor-
mance of this exome slice panel with option reflex to WES
test and plan to incorporate it into our NDR algorithm to
continuously improve the diagnosis of NDDs. The field of
clinical genetic testing is rapidly changing with advances
in technology, such as genome sequencing, transcriptome
sequencing, genome-wide methylation analysis, etc., which
makes additional genetic tests available and affordable and
more genes discovered in association with ASD/ID/DD. It
is necessary for clinical genetic laboratories to continue to
update genetic testing algorithms to increase the diagnosis
of NDDs accordingly when new technologies become clini-
cally available.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10803-021-05337-6.
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