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Abstract. This study introduces a novel approach for noninvasive prenatal testing (NIPT) of chromosomal abnormalities,
based on analysis of epigenetic features in circulating cell-free DNA (cfDNA). The core innovation of our method leverages
fundamental differences in chromatin organization between maternal and fetal cells. Specifically, we focused on genomic
regions that exhibit open chromatin configuration in maternal blood cells but remain tightly packed in fetal tissues (DNase |
hypersensitive sites or DHSs). These epigenetic differences create distinct cfDNA fragmentation signatures that allow selective
identification of fetal DNA within the maternal cfDNA pool. The study workflow comprised several key steps: performing
genome-wide screening to identify differentially accessible chromatin regions, selecting the most informative markers
using a machine learning algorithm, and targeted sequencing of the selected epigenetic markers using molecular barcodes.
Subsequently, a LASSO regression model was constructed and validated. As a proof of concept, the study demonstrates the
method’s efficacy in identifying trisomy 21 (Down syndrome), though the underlying principles can be readily adapted to
other abnormalities. Complementing its robust performance, the technique offers practical advantages in terms of platform
compatibility — the same epigenetic markers can be assessed using either next-generation sequencing or simpler, more
cost-efficient methods like digital PCR. With further refinement, the approach could be extended to screen for additional
aneuploidies (trisomies 13 and 18) and microdeletion syndromes. Therefore, this approach offers new opportunities
for developing cost-effective testing systems suitable for widespread routine clinical implementation, combining high
diagnostic accuracy with reduced analysis costs.
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AHHOTauusA. B gaHHol paboTte npefcTaBieH HOBbIA NOAXOA K HEMHBA3MBHOWN NpPeHaTanbHOW AMArHOCTMKE XPOMOCOMHbIX
aHOManuii, OCHOBAHHbI Ha aHanu3e SnuUreHeTMYeckmx ocobeHHocTel Lupkynupyowel BHeknetouHon OHK (BKOHK).
KnioueBas naea metofa 3ak/oyaeTca B UCMOb30BaHUN GpyHAAMEHTANIbHbIX Pa3fvyMin B OpraHm3aLmm XpomMaTuHa Mexay
MaTePUHCKMMU U GpeTanbHbIMU KneTKkaMu. B 4acTHOCTH, Mbl COCPefOTOUMANCH HA yYacTKax reHOMa, KOTopble B MaTePUHCKMX
KNneTKax KpPOBU HaxoAATCA B OTKPbITOM cocToAHMM (DHS), HO oCTaloTcA 3aKpbITbIMM B TKAHAX Nioda. TV anureHeTnyeckne
pasnnuna co3patoT yHUKasbHble natTepHbl BKAHK, nossonsiowme Bblaennts detanbHyo JHK 13 obuiero nyna matepuHcKomn
Bk[HK. PaboTa BKntouaeT B cebA HECKONbKO OCHOBHbIX LLIAroB: NpoBefeHre NOAHOFreHOMHOIO CKPUHUHIA A5 BbIABIEHNA
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Selection and evaluation of DNase | hypersensitive sites
for prenatal screening of trisomy 21 in the fetus

anddepeHUnanbHO AOCTYMHbIX YYacTKOB XpOMaTWHA, OT6op Hambonee WHOOPMATMBHBIX MapKepos Mpv MNOMOLUY
anropuTMa MalrHHOro obyyeHus, TapreTHoe CeKBEHUPOBaHNE OTOOPAHHbIX SMUreHeTUYECKNX MapPKEPOB C NMPYMeHeHeM
MONeKyNnApHbIX 6apKoOJOB 1 NMOCTPOeHNe Moaenu Ha ocHoBe LASSO-perpeccun ¢ nocnegyouleii ee Banvaaumein. Ocoboe
BHMMaHWe yaeNneHo ANarHOCTUKe TPUCOMUM XPOMOcombl 21 (cuHapoma [ayHa), Kak Havbonee KAMHMYECKU 3HAUYMMOro
XPOMOCOMHOIO HapyLleHus.. Pa3paboTaHHblii anroputM LEMOHCTPUPYET BbICOKYIO TOUHOCTb MPU aHanv3e OToOpaHHbIX
SMUreHETNYECKMX MAPKEPOB. BakHOE MpenmyliecTBO MeTofja — €ro TEXHOMOrMYeckasa rMOKoCTb: OTOOGpaHHble MapKepbl
MOXHO aHanM3npoBaThb Kak ¢ nomoubto NGS, Tak 1 6onee fOCTYNHbIMU MeTogamu, BKtouyas umdposyto MNLP. MepcnekTnsbl
JanbHellero pasBUTUA MeTofda BKIOYAKT pacluMpeHne AVAarHOCTUYECKON MaHenn AnA BblABAEHMA APYrMX 4acTbiX
aHeynnouauii (Tprcommmn xpomocom 13, 18), a Takke MUKPOAENeLMOHHbIX CUHAPOMOB. [pefnaraemblil NOAXOA OTKPbIBaeT
HOBblE BO3MOXHOCTU 1A CO3AaHNA SKOHOMMYECKN 3GDEKTUBHbIX TECT-CUCTEM, KOTOPbIE MOTYT OblTb BHEAPEHDI B LUMPOKYIO
KIVHUYECKYIO NPaKTUKY, 06ecrneyurBas BbICOKYIO TOUHOCTb ANATHOCTUKM NMPU CHUXKEHWN CTOVMOCTY aHanm3a.

KntoueBble cnoBa: xpomaTuH; BHeknetouHasa [1HK; aneynnongus; tpucommua; HAMT

Introduction

The Non-Invasive Prenatal Test (NIPT), which employs
next-generation sequencing (NGS) technology, represents a
revolutionary approach to detecting fetal chromosomal ab-
normalities using only a sample of maternal blood (Fan et al.,
2008). Prior to the development of NGS, this type of analysis
was not feasible, as there was no reliable method to isolate
the small amount of fetal DNA present amidst the vast excess
of maternal DNA in the bloodstream (Dhallan et al., 2007).
Due to the high throughput and sensitivity of NGS, it is now
possible to accurately detect and quantify these trace amounts
of fetal cell-free DNA (cfDNA) directly from maternal plasma
(Alberry et al., 2021). Consequently, NIPT has emerged as a
rapid, safe, and reliable screening tool for assessing the risk of
common aneuploidies, including Down, Edwards, and Patau
syndromes (Gil et al., 2017). The genomics revolution driven
by NGS has therefore paved the way for the widespread clinical
implementation of NIPT (Satam et al., 2023).

However, despite the impressive capabilities of NGS,
the effectiveness of NIPT still depends on selecting optimal
biological markers to distinguish between maternal and fetal
DNA (Hui, Bianchi, 2020). In this context, epigenetic differ-
ences — particularly chromatin accessibility profiles — are of
special interest.

DNase I-hypersensitive sites (DHSs) are genomic regions
with an open chromatin structure, exhibiting increased ac-
cessibility to the DNase I enzyme. These sites are frequently
associated with gene regulatory elements and display cell-
specific expression profiles (Thurman et al., 2012).

In the previous stage of this study, the use of DHS clusters
significantly restricted the number of available candidate
regions, thereby reducing the sensitivity and specificity of
the test system. To overcome this limitation, we transitioned
from cluster analysis to the investigation of individual DHS.
This approach substantially expanded the pool of candidate
regions, enabling more precise filtering and ultimately yielding
a sufficient number of high-quality loci for reliable diagnostics.

Our study focuses on developing an enhanced NIPT ap-
proach based on the analysis of individual DHSs — genomic
regions with chromatin structures characteristic of the fetus

and mother. The proposed method is expected to ensure high
accuracy in fetal DNA detection by leveraging the epigenetic
features of DHSs, while also reducing assay costs through
their targeted analysis.

Material and methods

Study cohort. A total of 1,012 blood samples from pregnant
women were collected between April 2014 and April 2015.
The patients were referred from 47 medical institutions across
the Russian Federation or were self-referred. The mean age of
participants was 35 years, with the youngest being 20 and the
oldest 51 years. Gestational age at the time of blood collection
ranged from 10 to 24 weeks, with a mean of 14 weeks. The
mean fetal cell-free DNA (cfDNA) concentration was 11 %
(Pantiuhk et al., 2016). All women provided informed consent
for the use of their samples for scientific purposes. The study
was approved by the Committee of the Academic Council of
the Faculty of Biomedical Sciences, Pirogov Russian National
Research Medical University, Ministry of Health of the Rus-
sian Federation (protocol No. 4 dated December 26, 2022).

Primer design. Primers were designed using the Primer3
software (Untergasser et al., 2012) with the following parame-
ters: PRIMER OPT SIZE =21, PRIMER MIN SIZE = 18,
PRIMER _MAX SIZE = 24, PRIMER MAX NS AC-
CEPTED = 1, and PRIMER PRODUCT SIZE RANGE =
100-140 bp.

Target enrichment and library preparation. Targeted
sequencing was performed using single-end enrichment with
duplex unique molecular identifiers (UMIs), following the
protocol described by Q. Peng et al. (2019).

Library sequencing. Sequencing was carried out using
Illumina SBS technology with single-end reads of at least
80 bp.

Model development and evaluation. In the first step,
the input data were prepared by dividing samples into two
categories: those with trisomy and those without it. Samples
with a total molecule count below 15,000 were filtered out.

Subsequently, 100 independent trials were conducted using
the R packages rsample and caret (Kuhn, 2008). In each trial,
the data were randomly split into training (60 % of samples),
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validation (20 %), and test (20 %) sets, while preserving the
original class ratio.

To compensate for class imbalance in the training sets,
observation weighting was applied. Class weights were calcu-
lated separately for each training set according to the formulas:

w_t=N_major / N_minor — for samples of the minority

class (trisomy),

w_n =1 — for samples of the majority class (normal),
where N_major and N_minor are the number of samples in the
majority and minority classes, respectively, within the training
set. This weighting effectively increases the contribution of
rare trisomy cases to the loss function, preventing the model
from biasing toward the more common class.

The optimal classification threshold was determined on the
validation set using Youden’s index (Youden, 1950), which
maximizes the J statistic (J = sensitivity + specificity — 1).
This criterion aims to find a threshold that balances the
method’s ability to correctly identify both positive cases
(sensitivity) and negative cases (specificity). This approach
ensures that the selected threshold balances the two types of
errors: false negatives (where aneuploidy is present but the
test fails to detect it) and false positives (where the test incor-
rectly indicates ancuploidy). Three key performance metrics
were calculated on the test data: the area under the ROC
curve (AUC), sensitivity, and specificity. Model training was
performed using the glmnet package (Friedman et al., 2010),
and all results were visualized using ggplot2 (Wickham, 2016)
and ggpubr.

Results

Identification of candidate regions in the human genome
At the first stage, DNase I-hypersensitive sites (DHSs) were
selected from an open-access database (Sheffield et al., 2013).
For maternal tissue representation, all hematopoietic and en-
dothelial cell lines were used, as these are typical sources of
freely circulating maternal cfDNA (Lui et al., 2002).

The selection criterion was based on differential acces-
sibility of these sites: an open chromatin state in cell lines
corresponding to maternal tissues (31 lines of hematopoi-
etic and endothelial origin) and a closed state in fetal cell
lines (Chorion). This approach enabled the identification of
13,637 individual DHSs (Fig. S1)".

The coordinates of all selected sites were converted to the
human genome version GRCh38 (Table S1). For subsequent
analysis, a 1,000 bp region was extracted around each 150 bp
DHS, with the DHS positioned at its center. Although the
DHSs themselves did not overlap, the flanking regions could
partially overlap when the distance between central sites was
less than 500 bp — a factor that was taken into account during
final selection.

T Supplementary Figures S1-53 and Tables S1-S3 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Mazur_Engl_30_4.xIsx
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To construct the diagnostic panel, we selected a set of
regions containing DHSs on: chromosome 21 — as the direct
target for Down syndrome diagnosis; chromosome Y — as a
negative control; and chromosomes 1, 2, 3,4, 5, 6, 8, 10, and
12 — as markers, the relative coverage decrease of which in
trisomy cases reflects the redistribution of reads in favor of
chromosome 21.

Sample set formation

The study utilized cfDNA sequencing data from a previous
work focused on non-invasive prenatal diagnostic methods
for aneuploidies (Pantiukh et al., 2016).

To determine fetal cfDNA concentration, two comple-
mentary methods were applied: quantitative analysis of the
Y chromosome and the SeqFF method, which is based on
regression analysis of overrepresented fetal sequences (Kim
etal., 2015; van Beek et al., 2017).

The need to group samples arose from the characteristics
of the original data, where the mean coverage was only 0.3%.
At this coverage level, a standard 150 bp DHS received on
average only one read, which made reliable quantitative
analysis at the individual level impossible. To address this
low coverage issue, samples were sorted by increasing fetal
DNA concentration and evenly distributed into four groups
(P1-P4) (Fig. S2).

The resulting clinical sample set included data from
958 cases with normal fetal karyotype and 54 samples with
trisomy 21 (Down syndrome).

Whole-genome sequencing data analysis algorithm
All selected cfDNA samples were aligned to the human refer-
ence genome GRCh38 using bowtie2 (Langmead, Salzberg,
2012) in global alignment mode (--end-to-end) with the
--sensitive parameter. The mean percentage of successfully
mapped reads was 97.05 %, with unmapped reads excluded
from further analysis. For each sample, coverage was calcu-
lated for every nucleotide within the pre-selected regions.

Aggregated data were divided into groups: non-pregnant
women, pregnant women with normal fetal karyotype (further
subdivided by fetal DNA concentration), and pregnant women
with fetal trisomies. A statistically significant increase in cov-
erage within DHSs was observed between groups of pregnant
women with a normal fetal karyotype (Fig. 1a) and between
pregnant women compared to non-pregnant women — the lat-
ter explained by the closed chromatin state of fetal DNA in
these genomic regions, rendering it inaccessible to DNase |
(Fig. 1b). Differences were also noted for pregnant women
carrying fetuses with trisomy 21 (Fig. 15). This increase in
DHS coverage confirmed that the proposed method enables
the detection of fetal ancuploidies.

Interestingly, multiple regions with increased coverage were
identified in pregnant women. Verification using the UCSC
Genome Browser confirmed the presence of additional DHSs
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Fig. 1. Normalized coverage (Z-score) in target regions using chromosome 21 as an example: a — in subgroups of
pregnant women with normal fetal karyotype; b — in groups of non-pregnant women, pregnant women with normal
fetal karyotype, and pregnant women with fetal trisomy.

Statistical significance of differences between the groups was assessed using the Mann-Whitney U-test (Wilcoxon test for independent

samples).

within such regions (Fig. S3), which is consistent with known
data on the clustering of regulatory elements in the genome
(Thurman et al., 2012).

Establishing criteria and selecting regions

The primary objective was to identify regions most effective
at distinguishing between pregnant and non-pregnant women.
To this end, the following criteria were proposed: the length
of the maximum window where the difference between mean
coverage in non-pregnant women and mean coverage in
pregnant women is less than zero; the maximum area under
the difference curve within a 100-nucleotide window; the re-
lationship between coverage level and fetal cfDNA concentra-
tion; and functional significance. Functional significance was
assessed based on criteria proposed in R.E. Thurman et al.
(2012). Promoter sites were defined as those the coordinates
of which intersected with transcription start sites from the
GENCODE human genome reference annotation (Harrow et
al., 2012), or as the DHS nearest to a transcription start site
in the 5 direction. Enhancers were defined as those located
within 500,000 nucleotides of a promoter site and showing
high correlation (R > 0.7) with that promoter site based on
DNase-seq data.

To determine which of the proposed criteria was most suit-
able for region selection, a binary classifier based on random
forest was constructed to distinguish samples from pregnant
women versus non-pregnant women, using the mean coverage
in the 20 top-ranking regions according to each criterion. We
used the Random Forest Classifier algorithm from the scikit-
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learn library in its default configuration (Pedregosa et al.,
2011). Prediction quality was assessed using the F-measure
for non-pregnant sample predictions, as the number of such
samples was smaller than that of pregnant samples. To iden-
tify the most effective region selection rule, we evaluated the
predictive performance of each criterion individually and in
various combinations. The best F-measure was achieved using
regions selected by a combination of three criteria: the area
under the difference curve criterion, the presence of a relation-
ship between coverage level and fetal DNA concentration
within the region, and the criterion of whether the site was a
promoter or enhancer.

Next, for each nucleotide coordinate, the mean normalized
coverage (Z-score) was calculated across all classes: for
non-pregnant samples; for pregnant samples (by groups with
different cfDNA concentrations); and for samples from preg-
nant women carrying fetuses with trisomy 21. Subsequently,
all regions on a given chromosome were sorted in descend-
ing order according to the value determined by the selected
criterion, and a specified number of regions were selected.

Sequencing of the selected regions

For the analysis of the 40 selected genomic regions (Table S2)
across 283 samples, targeted sequencing based on multiplex
PCR was employed. Specific primers were designed for each
region (Table S3), enabling simultaneous amplification of all
target sites in a single reaction. Prior to sequencing, molecu-
lar barcoding of the original DNA molecules was performed
during the amplification step, ensuring accurate counting of
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Fig. 2. Model performance: a - distribution of metrics (AUC, sensitivity, and specificity); b — ROC curve based on 100 in-

dependent splits.

initial molecule numbers and minimizing the impact of PCR
artifacts. Read mapping was conducted in the same manner
as described in the “Whole-genome sequencing data analysis
algorithm” section.

Model development and validation

For 201 samples with a normal fetal karyotype and 82 samples
with trisomy, counts of cfDNA molecules corresponding to
the 40 selected regions were obtained. To reliably assess the
suitability of these regions for use in a test system, we trained
and tested a LASSO regression model using stratified repeated
random subsampling with class weighting (see Material and
methods).

The high sensitivity and specificity values (Fig. 2a), along
with the AUC (Fig. 2b) achieved by the model, allow us to
conclude that it is possible to predict the presence of fetal
trisomy based on sequencing data from DHS regions of cir-
culating cfDNA.

Discussion
Before the analysis of plasma cfDNA became the dominant
approach in non-invasive prenatal testing, the scientific com-
munity was actively searching for alternative methods to obtain
fetal genetic material without invasive procedures (Simpson,
Elias, 1993).

Two main cell types served as primary targets in these stud-
ies: trophoblasts (Bruch et al., 1991) and nucleated red blood
cells (fetal erythroblasts) (Simpson, Elias, 1994). Trophoblasts,
being placental derivatives, seemed a logical target as they con-
tain the complete fetal genome and could theoretically serve

as ideal material for analysis (Covone et al., 1984). Concur-
rently, research was conducted on isolating fetal erythroblasts
(Bianchi et al., 1990). The advantage of this approach lay in
the fact that immature nucleated red blood cells are normally
virtually absent from the peripheral blood of healthy adults,
theoretically allowing them to be distinguished against the
background of maternal cells.

However, practical application of the cellular approach
encountered serious limitations (Holzgreve et al., 1992). The
main problem was the extremely low concentration of fetal
cells in maternal blood, making their isolation technically
challenging and unreliable.

Against this backdrop, the discovery made by Dennis Lo and
colleagues in 1997 — demonstrating the presence of significant
amounts of fetal cfDNA in maternal plasma — marked the
beginning of a fundamentally different path (Lo et al., 1997).
Despite the fact that cfDNA represented fragmented placental
DNA rather than the complete fetal genome, this approach had
decisive practical advantages: a relatively high concentration
of genetic material and technological accessibility for analysis
using PCR (Lo et al., 1998).

Current commercial NIPTs utilizing high-throughput
sequencing methods demonstrate high accuracy, but their
widespread adoption is still constrained by relatively high
costs (Gil et al., 2017).

Our method, based on targeted analysis of 40 epigenetic
markers (DHSs), offers a cost-effective solution. Such ap-
proaches require sequencing less than 1 % of the genome, sub-
stantially reducing reagent and data processing costs (Schmitt
etal.,2015). It is worth noting that not only NGS platforms but
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also the more accessible digital PCR (dPCR) technology can be
used for this analysis, further lowering costs and simplifying
implementation into routine clinical practice (Li et al., 2022).
This is particularly relevant for smaller laboratories without
access to expensive sequencing systems. At the same time, all
key advantages of NIPT are preserved: non-invasiveness, the
possibility of early diagnosis, and high accuracy in detecting
chromosomal abnormalities (Zhang et al., 2026).

An important aspect of this study was the development of
rigorous criteria for selecting informative regions. Our method
incorporates a comprehensive set of parameters, including
not only statistical measures of differential accessibility but
also the functional significance of sites and the dependence
of the signal on fetal DNA concentration. Such an integrated
approach enables the creation of a robust diagnostic panel
resilient to technical noise. Furthermore, the application of
molecular barcoding addresses a crucial challenge in quantita-
tive cfDNA analysis —accurate counting of original molecules
in the presence of PCR amplification.

Conclusion

The prospects for practical application of the developed ap-
proach appear promising. First, the method fundamentally
allows for expanding the range of detectable chromosomal
abnormalities without substantially increasing analysis costs.
Second, its adaptability to various technological platforms
opens up possibilities for creating flexible diagnostic systems
that can be optimized for specific clinical tasks and budget
constraints.

Future research may focus on optimizing the marker panel
for simultaneous detection of a wide range of chromosomal
abnormalities and standardizing protocols for use in routine
clinical practice. The proposed method has every reason to
become the foundation for a new generation of screening tests
that combine high reliability with cost-effectiveness.
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