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Abstract
Background: Noninvasive prenatal diagnosis (NIPD) based on cell- free DNA 
(cfDNA) has been introduced into the clinical application for some monogenic 
disorders but not for tuberous sclerosis (TSC) yet, which is an autosomal domi-
nant disease caused by various variations in TSC1 or TSC2 gene. We aimed to 
explore the feasibility of NIPD on TSC.
Methods: We recruited singleton pregnancies at risk of TSC from 14 families 
with a proband child. Definitive NIPD for TSC was performed using targeted 
next- generation sequencing of cfDNA in parallel with maternal white blood cell 
DNA (wbcDNA). The NIPD results were validated by amniocentesis or postnatal 
gene testing and follow- up of the born children.
Results: Missense mutations, nonsense mutations, frameshift mutations, and 
splice- site variants which were obtained through de- novo, maternal, or paternal 
inheritance were included. The mean and minimum gestational weeks of NIPD 
were 17.18 ± 5.83 and 8 weeks, respectively. The NIPD results were 100% consist-
ent with the amniocentesis or postnatal gene testing and follow- up of the born 
children.
Conclusion: This study demonstrates that NIPD based on cfDNA is feasible for 
TSC, but required to be confirmed with more samples. Studies on TSC can con-
tribute to the application and promotion of NIPD for monogenic disorders.
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1  |  INTRODUCTION

As one of the main causes of birth defects, monogenic dis-
ease is reported to be with an overall high rate of morbid-
ity and mortality with no effective treatment (Kingsmore 
et al.,  2020). Therefore, to prevent the birth of children 
with monogenic genetic disease by prenatal diagnostic is 
essential. However, at present, prenatal diagnostic mainly 
depends on conventional invasive procedures, such as 
amniocentesis, chorionic villus sampling (CVS), and cor-
docentesis. While many pregnant women resist the proce-
dure out of concern despite the lower procedure- related 
risk (Salomon et al., 2019).

In recent years, the great leap in genomic technology 
makes it possible to prenatally diagnose genetic diseases 
noninvasively. Especially since the discovery of cell- free fetal 
DNA (cffDNA) in maternal plasma in 1997 (Lo et al., 1997), 
noninvasive prenatal diagnosis (NIPD) for monogenic 
disorders has made considerable progress (Scotchman, 
Chandler, et al.,  2020). Circulating cffDNA is released 
from the placenta at approximately 4 weeks' gestation and 
forms a mixture with maternal cell- free DNA (cfDNA). The 
proportion of cffDNA is only 5%– 20% and is called fetal 
fraction (FF) which increases with gestational age and is in-
fluenced by factors such as smoking, maternal weight, and 
pregnancy complications, including preeclampsia (Drury, 
Hill, & Chitty, 2016; Scotchman, Chandler, et al., 2020). A 
major obstacle of NIPD based on cfDNA is the identifica-
tion of the fetal disease- related genotype under the high 
background of the maternal cfDNA, especially when the 
mother carries the variant (Scotchman, Shawa, et al., 2020). 
Research in this field generally focuses on the technological 
advancements required to solve this issue. As the maternal 
component of circulating cfDNA is mainly derived from the 
hematopoietic system, maternal white blood cell genomic 
DNA (wbcDNA) can reflect the maternal basic status of 
cfDNA prior to pregnancy and, therefore, can represent the 
mothers' genetic background (Lui et al., 2002).

The clinical practice of NIPD based on cfDNA has been 
approved for some monogenic disorders, such as achondro-
plasia, thanatophoric dysplasia, Apert syndrome, and pa-
ternal mutation exclusion of cystic fibrosis (Drury, Mason, 
et al., 2016). All these diseases are with either hotspot muta-
tions or specific mutation types. However, in clinical prac-
tice, many other monogenic disorders meet neither. One 
example is tuberous sclerosis (TSC), an autosomal dom-
inant monogenic neurocutaneous disease caused by het-
erozygous pathogenic variants in either the TSC1 (OMIM 
#191100) gene located at chromosome 9q34.13 or the TSC2 
(OMIM #613254) gene located at chromosome 16p13.3 
(Cotter, 2020; Samanta, 2020). Until December 2021, a total 
of 1352 unique variants of TSC1 and 4047 unique vari-
ants of TSC2 were included in the Leiden Open Variation 

Database (LOVD, https://www.lovd.nl/3.0/home), and the 
mutation types included point mutations, frameshift muta-
tions, large fragment deletions, and splicing site mutations, 
etc. The inactivating variants of the two genes cause hyper-
activation of the mechanistic target of rapamycin (mTOR) 
pathway and consequently result in hamartomas in multi- 
organs including brain, skin, heart, lungs, kidneys, and 
eyes (Peron et al., 2018; Roach, 2016).

Research on NIPD for TSC is rare: only two cases have 
been tested at the North East Thames Regional Genetics 
Laboratory at Great Ormond Street Hospital (Drury, Hill, 
& Chitty, 2016) but without detail. Although the strategy is 
straightforward for autosomal dominant disorders, the ap-
plication of NIPD to TSC remains challenging. One of the 
most significant obstacles is that bespoke tests are needed 
for each family because no mutation hotspots exist in TSC 
patients. But fortunately, this also allows us to extend our 
research to other autosomal dominant diseases. In this 
study, we aimed to evaluate the feasibility and accuracy 
of NIPD based on cfDNA and maternal wbcDNA for TSC.

2  |  METHODS

2.1 | Patient recruitment

The overall study design is presented in Figure 1. We re-
cruited 14 families with a proband from 973 families with 
TSC at the Pediatric Department of the Chinese People's 
Liberation Army General Hospital (PLAGH) from 2016 to 
2020. The inclusion criteria were (a) singleton pregnan-
cies with gestational ages greater than 7 weeks and (b) the 
pregnant woman was not a patient with chromosomal 
aneuploidy and had not received allogeneic blood transfu-
sion within 1 year of the study, immunotherapy with the 
introduction of exogenous DNA within 4 weeks, or trans-
plant surgery or stem cell therapy. Since NIPD based on 
cfDNA has not achieved technological breakthrough in 
the detection of large deletions and duplications, patients 
with large deletions were not included in this study. Blood 
samples were collected from each pregnant woman, her 
husband, and the proband child.

2.2 | Study design of NIPD

Prior to NIPD, if the pathogenic variants of the probands 
and whether the parents carried the same variants had 
been determined, Sanger sequencing was conducted to 
verify the genotypes of the children and their parents. If 
not, targeted next- generation sequencing (NGS) was first 
performed to determine the probands' pathogenic vari-
ants of the TSC1 or TSC2 gene; Sanger sequencing for 

https://www.lovd.nl/3.0/home
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parents was then conducted to verify the result. All ge-
netic variants of probands in this study had been classi-
fied as “pathogenic” or “likely pathogenic” according to 
the American College of Medical Genetics and Genomics 
(ACMG) guidelines for interpretation of genetic variants.

An initial NIPD test was performed when the recruited 
pregnant women were of 7– 9 weeks' gestation. When the 
women reached weeks 12– 24 of gestation, a second NIPD 
was conducted for confirmation. Amniocentesis verifica-
tion was performed at 16– 24 weeks' gestation. If the ges-
tational age exceeded 9 weeks at the time of recruitment, 
NIPD was performed only once, and amniocentesis was 
performed for verification. If the optimal time for amnio-
centesis had passed at the time of recruitment, NIPD was 
conducted only once, and cordocentesis was suggested. For 
the born children who did not get amniocentesis or cor-
docentesis validation during pregnancy, postnatal Sanger 
sequencing would be performed to confirm whether the tar-
get locus of TSC1 or TSC2 gene was normal. In addition, we 
conducted telephone follow- up of children who were born 
and collected the related information, including the child's 
date of birth, gender, general health, and more importantly, 
whether TSC- related manifestations, such as skin lesions, 
epilepsy, developmental retardation, autism spectrum dis-
orders, and heart/kidney hamartoma, had developed.

2.3 | Sample processing and 
DNA extraction

Exactly 10 ml of maternal blood was collected into EDTA- 
containing tubes and centrifuged at 1600× g at 4°C for 
10 min. The plasma obtained was centrifuged once more 
under the above conditions, and the middle white layer 
of white blood cells was separated; both fractions were 
stored at −80°C. Referring to the protocols, plasma 
DNA was extracted by a MagPure Circulating DNA Kit 
(Magen, Guangzhou, Guangdong, China), and wbcDNA 
was extracted by a MagPure Tissue DNA LQ Kit (Magen, 
Guangzhou, Guangdong, China).

2.4 | Analytical strategy of NIPD

We applied gene- amplification and gene- trapping tech-
nologies to explore the feasibility and accuracy of these 
strategies in NIPD for TSC. And the transcripts we referred 
for TSC1 gene were NM_000368.5 and NM_000548.5 for 
TSC2 gene. The protocols were done following corre-
sponding manufacturer instructions.

For gene amplification, we designed the probes of 
the targeted mutation region of the proband and then 

F I G U R E  1  The workflow of this 
study. TSC, tuberous sclerosis; VTP, 
voluntary termination of pregnancy
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amplified the targeted region using cfDNA and wb-
cDNA as templates with TransStart® FastPfu DNA 
Polymerase (TransGen, Beijing, China). The amplified 
product was purified, and the corresponding library 
was constructed using a KAPA Hyper Prep Kit (Roche 
Sequencing Solutions, Pleasanton, CA, USA) and se-
quenced using the SE75 or PE75 sequencing strategy 
on the NextSEQ500 platform (Illumina, San Diego, CA, 
USA). Reads from the map to the target position of the 
GRCH37/HG19 human reference genome were counted, 
and the mutation ratio of the target site was calculated 
using the mutation reads number divided by total reads 
number within the same region. Read heterozygosity at 
single- nucleotide polymorphisms (SNPs) was used to 
infer FF (Dang et al., 2019).

For gene trapping, a DNA probe was designed to cap-
ture the exon regions of TSC1, TSC2, and FGFR3(OMIM 
*134934), GJB2(OMIM *121011), MITF(OMIM *156845), 
MYO15A(OMIM *602666), PAX3(OMIM *606597), 
SLC26A4(OMIM *605646), SOX10(OMIM *602229), and 
TMC1 (OMIM *606706) genes. The next- generation se-
quencing library was prepared using a KAPA Hyper Prep 

Kit (Roche Sequencing Solutions, Pleasanton, CA, USA) 
from the extracted plasma cfDNA and wbcDNA fragments 
of 150– 200 base pairs (bp) processed by ultrasound. The 
target region was trapped using an xGen Hybridization 
and Wash Kit (Integrated DNA Technologies, Coralville, 
Iowa, USA), enriched by PCR, and then sequenced using 
the PE75 strategy on the NextSeQ500 platform. After de-
duplication and decoupling, the data were compared with 
the GRCH37/HG19 human reference genome using BWA- 
MEM (v0.7.17- R1188), and the mutation information 
was detected by GATK (v4.1.2.0). The SNP data detected 
by xGen Human ID Research Panel (Integrated DNA 
Technologies, Coralville, Iowa, USA) were used to calcu-
late FF (Zhang et al., 2019).

Fetal genotype was deduced based on deviations from 
maternally derived alleles and maternal backgrounds, 
fetal allelic fraction is equal to half of the FF (Figure  2 
showed examples). We applied a well- received statisti-
cal algorithm based on a binomial model to determine 
the combined genotypes and likelihoods in the maternal 
plasma (Jiang et al.,  2012). Formulas using this method 
were listed as follows:

F I G U R E  2  Representative results of NIPD. Fetal genotypes were deduced based on the deviations from maternal genetic alleles and 
maternal background. When p > 70%, the results were reliable. The letters ‘A’ and ‘B’ referred to the maternal wild and mutant alleles, 
respectively, and letters ‘a’ and ‘b’ referred to the fetal wild and mutant alleles, respectively. (a) Family 1. The maternal- fetal genotype was 
AAab, the mutation ratio was 0.080 and p = 100.0%. (b) Family 2. The maternal- fetal genotype was ABaa, the mutation ratio was 0.438 and 
p = 97.8%. (c) the result of first NIPD of family 5. The maternal- fetal genotype was AAaa, the mutation ratio of cfDNA was 0 and p = 100.0%. 
(d) Family 10. The maternal- fetal genotype was ABab, the mutation ratio was 0.479 and p = 78.8%. TSC1 accession: NM_000368.5, TSC2 
accession: NM_000548.5
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Where N and b represent the total and mutant allelic count 
at target SNP locus, respectively, D is to describe allele's 
binomial distribution, k is maternal- fetal genotype com-
bination such as AAaa, AAab, ABaa, or ABab (according 
to the standard genotype nomenclature, the letters ‘A’ and 
‘a’ refer to maternal and fetal wild- type alleles, respec-
tively, and letters ‘B’ and ‘b’ refer to maternal and fetal 
mutant alleles, respectively). Theoretically, if we assume 
the FF is f, � is expected mutant allele fractions respected 
to each genotype combination, which expected to fluctu-
ate around 0, f/2, 0.5, and 0.5- f/2, respectively. Finally, G is 
the most likely genotype and P is the corresponding like-
lihood. For quality control, the cut- off to call a valid geno-
type required total allele count (N) > 1000 and a likelihood 
(p value) > 70%.

3  |  RESULTS

3.1 | Baseline data of the recruited 
families

The clinical demographics of the studied families are 
shown in Table 1. The types of pathogenic variants iden-
tified among the 14 probands included five missense 
mutations, four frameshift mutations, three nonsense mu-
tations, and two splice- site variants. Among the variants 
detected, 12 were TSC2 genes and two were TSC1 genes. 
In terms of the source of variants, 11 arose de novo, two 
were inherited from the mother, and one was inherited 
from the father. Three of the 14 pregnant women received 
their first NIPD before 9 weeks' gestation, and the mean 
gestational age of all NIPDs was 17.18 ± 5.83 weeks (range: 
8 to 29 weeks).

3.2 | NIPD results and validation

Among the 14 families recruited for this study, two fetuses 
were identified to have the same pathogenic variants as 
the probands, including a paternal variant detected at 
22 weeks' gestation (family 1) and a maternal variant at 
14 weeks' gestation (family 10) (Figure 2a,d). Both fami-
lies chose voluntary termination of the pregnancy (VTP) 
after amniocentesis validation.

Twelve fetuses were diagnosed as normal by NIPD, and 
their siblings' variant source included de novo, paternal, 
and maternal inheritance. Nine of the cases were vali-
dated by amniocentesis, and the results were consistent 
with those of NIPD. Among the cases who were not veri-
fied by amniocentesis, one (family 3) had just passed the 
optimal gestational age for amniocentesis at the time of 
recruitment and received postnatal sequencing validation, 
one (family 5) completed second NIPD and postnatal se-
quencing validation, and one (family 7) had just accepted 
one NIPD without any experimental verification.

All 12 fetuses with normal NIPD results, including five 
males and seven females, were delivered. Till our last fol-
low- up, their mean age was 2.74 ± 0.96 years. Apart from 
one child, all the other 11 were with no classic symptoms 
of TSC, especially cardiac hamartomas and hypopig-
mented macules, which present prenatal or early after 
birth. The only one (family 5) reported of a depigmenta-
tion plaque with diameter < 10 mm but was reported to 
be with negative result on postnatal Sanger sequencing. 
Also, only when there are three or more depigmentation 
plaques, can the symptoms be regarded as an item con-
forming major clinical diagnosis criteria of TSC (Northrup 
& Krueger, 2013).

Noticeably, there was a child (family 12) born with con-
genital hypertonia in her lower limbs. However, postanal 
whole- exome sequencing (WES) detected no responsible 
variants (neither TSC1/2 gene aberrance nor other patho-
genic variants), and her medical history provided no clues. 
Luckily, at the latest follow- up, she was able to walk with 
help at the age of 2 years after persistent rehabilitation.

4  |  DISCUSSION

In this study, we explored the feasibility and accuracy 
of NIPD based on cfDNA and maternal wbcDNA in 14 
families at risk for TSC. Despite the difference in sequenc-
ing methods and patients' phenotypes, all results were 
accurate.

The subjects we included can represent the majority 
of TSC patients. The mutational spectra of this study con-
sisted of missense mutations, nonsense mutations, frame-
shift mutations, and splice- site variants, these represented 
the largest number of variants in TSC patients (Salussolia 
et al., 2019). The inheritances included 11 de- novo variants 
(78.57%), one paternal variant (7.14%), and two maternal 
variants (14.29%), consistent with the previously reported 
inheritance characteristics of TSC (i.e., 67%– 75% of pa-
tients have spontaneous mutations and the rest inherit 
the mutation from their parents in an autosomal domi-
nant manner) (Ehninger,  2013; Roach,  2016). Although 
the most common variants of the patients are de novo in 
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nature, parents are likely to have another TSC child be-
cause of the possible mosaic or intronic germ line muta-
tions (Rose et al., 1999; Verhoef et al., 1999). Thus, when 
equipped with higher accuracy, NIPD focusing on the cul-
prit variants in affected families is necessary. However, the 
current NIPD based on cfDNA is not suitable for the direct 
detection of mosaic mutations because the low concentra-
tion of cffDNA in maternal peripheral blood can result in 
high rate of false negatives. As for the realization of intron 
mutation detection through NIPD, it depends on the fur-
ther advancement of detection technology.

Amniocentesis is the most commonly applied tech-
nique among the invasive prenatal diagnosis approaches, 
but the timeframe for this technique is limited to 16– 
24 weeks' gestation. Chorionic villus sampling can be per-
formed at an earlier gestational age of 10– 13 weeks but 
presents higher associated risks (Akolekar et al.,  2015; 
Alfirevic et al.,  2017). NIPD based on cfDNA can be 
achieved in earlier gestational weeks without harming the 
fetus. Although the average gestational age we included 
was greater than the first trimester, we had two subjects 
whose NIPD was made at eight gestational weeks and one 
at nine gestational weeks. The results were verified to be 
reliable. At present, the earliest recommended application 
time of NIPD for monogenic diseases is 9 weeks' gestation 
(Hill et al.,  2014; Scotchman, Chandler, et al.,  2020). In 
future work, we plan to include more participants with 
gestational age earlier than 9 weeks to identify the earli-
est feasible timing of NIPD because we believe that earlier 
prenatal diagnosis will reduce parental anxiety and allow 
more time for decision- making and planning.

As reported in previous studies, the major challenge of 
NIPD for autosomal dominant disease detection is the sit-
uation wherein the mother carries the pathogenic variant 
because detecting the inheritance of the maternal allele 
against the extensive contamination of maternal cfDNA re-
quires an accurate quantitative strategy. The main methods 
employed to address this problem include relative muta-
tion dosage (RMD) and relative haplotype dosage analysis 
(RHDO) (Lo et al.,  2010; Lun et al.,  2008). Although the 
latter one is reported to be more robust, it is also more com-
plicated and expensive. In our study, we deduced the fetal 
genotypes based on deviations from maternally derived al-
leles and maternal backgrounds. As shown by the results, 
the likelihoods all reached 100% when the maternal geno-
types were normal, while in addition, the mother carried 
the variant, the likelihoods were lower than 100%, espe-
cially when the fetus was affected by variants. However, as 
long as the likelihood is above 70%, the result is accurate.

Although our 14 results were all accurate, more sam-
ples were required to verify the accuracy of the method 
because cases classified to specific conditions were fewer. 
Besides, there are some biases that may affect the accuracy 

of the experiment. For example, during library construc-
tion and sequencing process, low level allele count bias 
and allele- specific copy number variations can be intro-
duced that result in sequence background noise (Schirmer 
et al., 2015). In addition, gene amplification may produce 
allele dropout on account of highly fragmented cfDNA. 
Furthermore, we deduced fetal genotypes depended on 
SNP and SNP- based FF in this study, however, maternal 
inbreeding coefficient and sequencing error would affect 
the accuracy of inferring SNP and FF (Dang et al., 2019). 
To resolve this problem, we also detected wbcDNA be-
sides cfDNA so that can improve the precision of FF es-
timation by inferring maternal inbreeding coefficient and 
combining reads from maternal wbcDNA and cfDNA. 
Nevertheless, SNP has some distribution biases in reality 
that may affect the accuracy of deducing, for example, tran-
sitions are more frequent than transversions among sub-
stitution mutations and CpG dinucleotides are dominated 
near transitions (Zhao & Boerwinkle,  2002). Therefore, 
with consideration of the probabilities of sequencing er-
rors, alignment errors as well as stochastic variations, the 
likelihoods threshold of 70% in deducing fetal genotype is 
determined after experiments (Jiang et al., 2012).

The other limitation of our study was that our strategy 
was not applicable for large deletions, but this type variant 
only accounts for a small part (1.23%– 5.96%) of TSC geno-
types (Au et al., 2007; Ding et al., 2020). In fact, the detec-
tion of variants such as large deletions/duplications and 
triplet duplications is a great challenge for NIPD based 
on cfDNA. Therefore, although great progress has been 
made in NIPD, there is still a long way to go to promote 
the clinical application of NIPD for monogenic disorders 
because there remained technical challenges to overcome 
and the accuracy of the developed technologies needed to 
be confirmed by different diseases. Since TSC is a disorder 
caused by a variety of gene mutation types, it can contrib-
ute to the application and promotion of NIPD.

ACKNOWLEDGMENTS
We thank all participants in this study for their collabo-
rations and the National Key Research and Development 
Program of China (No. 2016YFC1000707) for the funding 
support.

CONFLICT OF INTEREST
The authors report no conflict of interest.

ETHICAL COMPLIANCE
This study was approved by the Ethical Committee of 
Chinese People's Liberation Army General Hospital 
(PLAGH) and was conducted after obtaining the written 
informed consents from all participating pregnant women 
and their husbands.



8 of 9 |   YANG et al.

DATA AVAILABILITY STATEMENT
Data available on request from the authors.

ORCID
Li- Ping Zou   https://orcid.org/0000-0001-7233-9378 

REFERENCES
Akolekar, R., Beta, J., Picciarelli, G., Ogilvie, C., & D'antonio, F. 

(2015). Procedure- related risk of miscarriage following amnio-
centesis and chorionic villus sampling: A systematic review and 
meta- analysis. Ultrasound in Obstetrics & Gynecology, 45(1), 16– 
26. https://doi.org/10.1002/uog.14636

Alfirevic, Z., Navaratnam, K., & Mujezinovic, F. (2017). 
Amniocentesis and chorionic villus sampling for prenatal 
diagnosis. Cochrane Database of Systematic Reviews, 9(9), 
CD003252. https://doi.org/10.1002/14651 858.CD003 252.pub2

Au, K. S., Williams, A. T., Roach, E. S., Batchelor, L., Sparagana, 
S. P., Delgado, M. R., Wheless, J. W., Baumgartner, J. E., Roa, 
B. B., Wilson, C. M., Smith- Knuppel, T. K., Cheung, M. Y. C.,  
Whittemore, V. H., King, T. M., & Northrup, H. (2007). 
Genotype/phenotype correlation in 325 individuals referred for 
a diagnosis of tuberous sclerosis complex in the United States. 
Genetics in Medicine, 9(2), 88– 100. https://doi.org/10.1097/
gim.0b013 e3180 3068c7

Cotter, J. A. (2020). An update on the central nervous system mani-
festations of tuberous sclerosis complex. Acta Neuropathologica, 
139(4), 613– 624. https://doi.org/10.1007/s0040 1- 019- 02003 - 1

Dang, M., Xu, H., Zhang, J., Wang, W., Bai, L., Fang, N., Liang, L., 
Zhang, J., Liu, F., Wu, Q., Wang, S., & Guan, Y. (2019). Inferring 
fetal fractions from read heterozygosity empowers the nonin-
vasive prenatal screening. Genetics in Medicine, 22(2), 301– 308. 
https://doi.org/10.1038/s4143 6- 019- 0636- 5

Ding, Y., Wang, J., Zhou, S., Zhou, Y., Zhang, L., Yu, L., & Wang, Y. 
(2020). Genotype and phenotype analysis of Chinese children with 
tuberous sclerosis complex: A pediatric cohort study. Frontiers in 
Genetics, 11, 204. https://doi.org/10.3389/fgene.2020.00204

Drury, S., Hill, M., & Chitty, L. S. (2016). Cell- free fetal DNA testing 
for prenatal diagnosis. Advances in Clinical Chemistry, 76, 1– 35. 
https://doi.org/10.1016/bs.acc.2016.05.004

Drury, S., Mason, S., McKay, F., Lo, K., Boustred, C., Jenkins, L., & 
Chitty, L. S. (2016). Implementing non- invasive prenatal diagnosis 
(NIPD) in a National Health Service Laboratory; from dominant 
to recessive disorders. Advances in Experimental Medicine and 
Biology, 924, 71– 75. https://doi.org/10.1007/978- 3- 319- 42044 - 8_14

Ehninger, D. (2013). From genes to cognition in tuberous sclerosis: 
Implications for mTOR inhibitor- based treatment approaches. 
Neuropharmacology, 68, 97– 105. https://doi.org/10.1016/ 
j.neuro pharm.2012.05.015

Hill, M., Suri, R., Nash, E. F., Morris, S., & Chitty, L. S. (2014). 
Preferences for prenatal tests for cystic fibrosis: A discrete 
choice experiment to compare the views of adult patients, carri-
ers of cystic fibrosis and health professionals. Journal of Clinical 
Medicine, 3(1), 176– 190. https://doi.org/10.3390/jcm30 10176

Jiang, P., Chan, K. C. A., Liao, G. J. W., Zheng, Y. W. L., Leung,  
T. Y., Chiu, R. W. K., Lo, Y. M. D., & Sun, H. (2012). FetalQuant: 
Deducing fractional fetal DNA concentration from massively 
parallel sequencing of DNA in maternal plasma. Bioinformatics, 
28(22), 2883– 2890. https://doi.org/10.1093/bioin forma tics/bts549

Kingsmore, S. F., Henderson, A., Owen, M. J., Clark, M. M., Hansen, C., 
Dimmock, D., Chambers, C. D., Jeliffe- Pawlowski, L. L., & Hobbs, 
C. (2020). Measurement of genetic diseases as a cause of mortal-
ity in infants receiving whole genome sequencing. NPJ Genomic 
Medicine, 5, 49. https://doi.org/10.1038/s4152 5- 020- 00155 - 8

Lo, Y. M., Chan, K. C., Sun, H., Chen, E. Z., Jiang, P., Lun, F. M., 
Zheng, Y. M., Leung, T. K., Lau, T. K., Cantor, C. R., & Chiu, 
R. W. (2010). Maternal plasma DNA sequencing reveals the 
genome- wide genetic and mutational profile of the fetus. 
Science Translational Medicine, 2(61), 61ra91. https://doi.
org/10.1126/scitr anslm ed.3001720

Lo, Y. M., Corbetta, N., Chamberlain, P. F., Rai, V., Sargent, I. L., 
Redman, C. W. G., & Wainscoat, J. S. (1997). Presence of fetal 
DNA in maternal plasma and serum. The Lancet, 350(9076), 
485– 487. https://doi.org/10.1016/s0140 - 6736(97)02174 - 0

Lui, Y. Y. N., Chik, K. W., Chiu, R. W. K., Ho, C. Y., Lam, C. W. K., 
& Lo, Y. M. D. (2002). Predominant hematopoietic origin of 
cell- free DNA in plasma and serum after sex- mismatched bone 
marrow transplantation. Clinical Chemistry, 48(3), 421– 427.

Lun, F. M. F., Tsui, N. B. Y., Chan, K. C. A., Leung, T. Y., Lau, T. K., 
Charoenkwan, P., Chow, K. C. K., Lo, W. Y. W., Wanapirak, C., 
Sanguansermsri, T., Cantor, C. R., Chiu, R. W. K., & Lo, Y. M. D. 
(2008). Noninvasive prenatal diagnosis of monogenic diseases 
by digital size selection and relative mutation dosage on DNA 
in maternal plasma. Proceedings of the National Academy of 
Sciences of the United States of America, 105(50), 19920– 19925. 
https://doi.org/10.1073/pnas.08103 73105

Northrup, H., & Krueger, D. A. (2013). Tuberous sclerosis complex 
diagnostic criteria update: Recommendations of the 2012 in-
ternational tuberous sclerosis complex consensus conference. 
Pediatric Neurology, 49(4), 243– 254. https://doi.org/10.1016/ 
j.pedia trneu rol.2013.08.001

Peron, A., Au, K. S., & Northrup, H. (2018). Genetics, genomics, 
and genotype- phenotype correlations of TSC: Insights for 
clinical practice. American Journal Of Medical Genetics Part 
C- Seminars in Medical Genetics, 178(3), 281– 290. https://doi.
org/10.1002/ajmg.c.31651

Roach, E. S. (2016). Applying the lessons of tuberous sclerosis: 
The 2015 Hower award lecture. Pediatric Neurology, 63, 6– 22. 
https://doi.org/10.1016/j.pedia trneu rol.2016.07.003

Rose, V. M., Au, K. S., Pollom, G., Roach, E. S., Prashner, H. R., & 
Northrup, H. (1999). Germ- line mosaicism in tuberous sclero-
sis: How common? American Journal of Human Genetics, 64(4), 
986– 992. https://doi.org/10.1086/302322

Salomon, L. J., Sotiriadis, A., Wulff, C. B., Odibo, A., & Akolekar, 
R. (2019). Risk of miscarriage following amniocentesis or 
chorionic villus sampling: Systematic review of literature and 
updated meta- analysis. Ultrasound in Obstetrics & Gynecology, 
54(4), 442– 451. https://doi.org/10.1002/uog.20353

Salussolia, C. L., Klonowska, K., Kwiatkowski, D. J., & Sahin, M. (2019). 
Genetic etiologies, diagnosis, and treatment of tuberous sclerosis 
complex. Annual Review of Genomics and Human Genetics, 20, 
217– 240. https://doi.org/10.1146/annur ev- genom - 08311 8- 015354

Samanta, D. (2020). An updated review of tuberous sclerosis complex- 
associated autism Spectrum disorder. Pediatric Neurology, 109, 
4– 11. https://doi.org/10.1016/j.pedia trneu rol.2020.03.008

Schirmer, M., Ijaz, U. Z., D'Amore, R., Hall, N., Sloan, W. T., & Quince, 
C. (2015). Insight into biases and sequencing errors for amplicon 

https://orcid.org/0000-0001-7233-9378
https://orcid.org/0000-0001-7233-9378
https://doi.org/10.1002/uog.14636
https://doi.org/10.1002/14651858.CD003252.pub2
https://doi.org/10.1097/gim.0b013e31803068c7
https://doi.org/10.1097/gim.0b013e31803068c7
https://doi.org/10.1007/s00401-019-02003-1
https://doi.org/10.1038/s41436-019-0636-5
https://doi.org/10.3389/fgene.2020.00204
https://doi.org/10.1016/bs.acc.2016.05.004
https://doi.org/10.1007/978-3-319-42044-8_14
https://doi.org/10.1016/j.neuropharm.2012.05.015
https://doi.org/10.1016/j.neuropharm.2012.05.015
https://doi.org/10.3390/jcm3010176
https://doi.org/10.1093/bioinformatics/bts549
https://doi.org/10.1038/s41525-020-00155-8
https://doi.org/10.1126/scitranslmed.3001720
https://doi.org/10.1126/scitranslmed.3001720
https://doi.org/10.1016/s0140-6736(97)02174-0
https://doi.org/10.1073/pnas.0810373105
https://doi.org/10.1016/j.pediatrneurol.2013.08.001
https://doi.org/10.1016/j.pediatrneurol.2013.08.001
https://doi.org/10.1002/ajmg.c.31651
https://doi.org/10.1002/ajmg.c.31651
https://doi.org/10.1016/j.pediatrneurol.2016.07.003
https://doi.org/10.1086/302322
https://doi.org/10.1002/uog.20353
https://doi.org/10.1146/annurev-genom-083118-015354
https://doi.org/10.1016/j.pediatrneurol.2020.03.008


   | 9 of 9YANG et al.

sequencing with the Illumina MiSeq platform. Nucleic Acids 
Research, 43(6), e37. https://doi.org/10.1093/nar/gku1341

Scotchman, E., Chandler, N. J., Mellis, R., & Chitty, L. S. (2020). 
Noninvasive prenatal diagnosis of single- gene diseases: The next 
frontier. Clinical Chemistry, 66(1), 53– 60. https://doi.org/10.1373/ 
clinc hem.2019.304238

Scotchman, E., Shawa, J., Paternostera, B., Chandlera, N., & Chitty, 
L. S. (2020). Non- invasive prenatal diagnosis and screening 
for monogenic disorders. European Journal of Obstetrics & 
Gynecology and Reproductive Biology, 253, 320– 327. https://doi.
org/10.1016/j.ejogrb.2020.08.001

Verhoef, S., Bakker, L., Tempelaars, A. M. P., Hesseling- Janssen, A. L., 
Mazurczak, T., Jozwiak, S., Fois, A., Bartalini, S., Zonnenberg, 
B. A., van Essen, A. J., Lindhout, D., Halley, D. J., & van den 
Ouweland, A. M. (1999). High rate of mosaicism in tuberous 
sclerosis complex. American Journal of Human Genetics, 64(6), 
1632– 1637. https://doi.org/10.1086/302412

Zhang, J., Li, J., Saucier, J. B., Feng, Y., Jiang, Y., Sinson, J., McCombs, 
A. K., Schmitt, E. S., Peacock, S., Chen, S., Dai, H., Ge, X., Wang, 
G., Shaw, C. A., Mei, H., Breman, A., Xia, F., Yang, Y., Purgason, 

A., … Eng, C. M. (2019). Non- invasive prenatal sequencing for 
multiple mendelian monogenic disorders using circulating 
cell- free fetal DNA. Nature Medicine, 25(3), 439– 447. https://
doi.org/10.1038/s4159 1- 018- 0334- x

Zhao, Z., & Boerwinkle, E. (2002). Neighboring- nucleotide effects 
on single nucleotide polymorphisms: A study of 2.6 million 
polymorphisms across the human genome. Genome Research, 
12(11), 1679– 1686. https://doi.org/10.1101/gr.287302

How to cite this article: Yang, X-Y, Meng, Y., 
Wang, Y-Y, Lu, Y-P, Wang, Q-H, You, Y-Q, Xie, X-X, 
Bai, L., Fang, N., Zou, L-P (2022). Noninvasive 
prenatal diagnosis based on cell- free DNA for 
tuberous sclerosis: A pilot study. Molecular Genetics 
& Genomic Medicine, 10, e1952. https://doi.
org/10.1002/mgg3.1952

https://doi.org/10.1093/nar/gku1341
https://doi.org/10.1373/clinchem.2019.304238
https://doi.org/10.1373/clinchem.2019.304238
https://doi.org/10.1016/j.ejogrb.2020.08.001
https://doi.org/10.1016/j.ejogrb.2020.08.001
https://doi.org/10.1086/302412
https://doi.org/10.1038/s41591-018-0334-x
https://doi.org/10.1038/s41591-018-0334-x
https://doi.org/10.1101/gr.287302
https://doi.org/10.1002/mgg3.1952
https://doi.org/10.1002/mgg3.1952

	Noninvasive prenatal diagnosis based on cell-free DNA for tuberous sclerosis: A pilot study
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Patient recruitment
	2.2|Study design of NIPD
	2.3|Sample processing and DNA extraction
	2.4|Analytical strategy of NIPD

	3|RESULTS
	3.1|Baseline data of the recruited families
	3.2|NIPD results and validation

	4|DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	ETHICAL COMPLIANCE
	DATA AVAILABILITY STATEMENT

	REFERENCES


