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Abstract

Background: Noninvasive fetal sex determination by analyzing Y chromosome-specific sequences is very
useful in the management of cases related to sex-linked genetic diseases. The aim of this study was to establish
a non-invasive fetal sex determination test using Real-Time PCR and specific probes.

Methods: The study was a prospective observational cohort study conducted from August 2018 to September
2019. Venous blood samples were collected from 25 Iranian pregnant women at weeks 7 to 25 of gestation.
Cell-free DNA (cfDNA) was isolated from the plasma of samples and fetal sex was determined by SRY gene
analysis using the Real-Time PCR technique. In the absence of SRY detection, the presence of fetal DNA was
investigated using cfDNA treated with BstUI enzyme and PCR for the epigenetic marker RASSF1A.

Results: Of the total samples analyzed, 48% were male and 52% female. The RASSF1A assay performed on
SRY negative cases also confirmed the presence of cell-free fetal DNA. Genotype results were in full
agreement with neonate gender, and the accuracy of noninvasive fetal sex determination was 100%.
Conclusions: Fetal sex determination using the strategy applied in this study is noninvasive and highly accurate
and can be exploited in the management of sex-linked genetic diseases.

Keywords: Cell-free fetal DNA, Fetal sex determination, Noninvasive prenatal diagnosis, Sex-linked

genetic diseases, SRY.

Introduction

Molecular determination of fetal sex for
management of the women at risk of X-linked
recessive genetic diseases in the fetus
(abnormality in the male fetus) or where there is a
risk of diseases associated with ambiguous
development of the external genitalia such as
Congenital Adrenal Hyperplasia (abnormality in
the female fetus) is clinically important (1, 2). If it
is found that in cases of X-linked genetic diseases,
the sex of the fetus is female, subsequent
unnecessary invasive diagnostic procedures will
be avoided, or in the case of Congenital Adrenal
Hyperplasia, timely dexamethasone treatment can
be done for the female fetus (3, 4).

Traditional methods for preparing fetal DNA
such as chorionic villus sampling (CVS) and
amniocentesis have a risk of miscarriage (about
1%) due to their invasive nature and cannot be
performed before 11 weeks (5, 6). With the
discovery of cffDNA (cell-free fetal DNA) in the
late 1990s, many prenatal tests, including sex
determination from the fourth to the fifth week of
pregnancy  onwards, were performed
noninvasively (7-9). CffDNA of the primary
origin of placental apoptotic syncytiotrophoblasts
has a half-life of about 16 minutes and disappears
rapidly from the maternal bloodstream after
delivery (10, 11). It is lower in the early weeks of
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pregnancy and therefore high sensitivity methods
should be used to identify it at this period.

Fetal sex determination using cffDNA is one
of the cases where the sensitivity and specificity
of the method used to identify the Y-chromosome
sequence are of high importance. Several sex-
linked markers have been used in studies to
identify the presence of the Y chromosome, and
one of the most specific and commonly used
markers is the SRY gene (a single-copy gene)
(12). The existence of the SRY gene in maternal
plasma indicates the presence of a male fetus and
its absence is assumed to represent a female fetus.
Since deficiency of cffDNA may also be the
cause of the non-identification of SRY, the main
challenge of using Y-chromosome-specific
markers in sex determination is when the fetus is
predicted to be female (13). In these cases, other
markers, including sex-independent epigenetic
markers, need to be used to confirm the presence
of fetal DNA in maternal plasma. One of these
markers is a tumor suppressor gene promoter
called RASSF1A, whose different methylation
rates in maternal-derived and fetal-derived DNA
can help to differentiate between these two and to
decide whether or not fetal DNA is present in the
sample studied (14, 15).

The present study aimed to establish a reliable
method with high accuracy for non-invasive fetal
sex determination using Real-Time PCR
technique, specific probes and employing
RASSF1A confirmatory marker to confirm the
presence of fetal DNA.

Materials and methods

Ethical statement

The study was approved by the Ethics
Committee of High Institute for Research and
Education in Transfusion Medicine (Ethical
No.: IR.TMI.REC.1396.031).

Type of study, Sample collection, and preparation

The present project was a prospective
observational cohort study. The protocol of this
study was approved by the Ethics Committee of
the High Institute for Research and Education in
Transfusion Medicine, Tehran, Iran, and all
volunteers provided written informed consent.
Samples were randomly collected between
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August 2018 and September 2019 from Iranian
pregnant women (gestational age between 7 and
25 weeks) referring to the women’s clinic of
Mostafa Khomeini and Mohab Yas hospitals in
Tehran for the routine ultrasound examination.
Twin pregnancies identified by ultrasonography
at week 7 (due to the possibility of a vanishing
male from a non-identical vanishing twin
syndrome and its interference with testing) and
individuals with a history of neoplasm (as an
intervening factor in RASSF1A methylation)
were not included in this study (13, 16, 17).

Approximately 5 ml of maternal blood was
collected in sterile EDTA tubes and transferred
within a maximum of 72 hours (84% within the
first 48 hours and 16% afterward) to the Blood
Group Genotyping Central Lab, Tehran, Iran.
The plasma was separated from the erythrocytes
and buffy coat in two discrete steps of
centrifugation. The tubes were first centrifuged
at 2500 g for 10 minutes and then the upper
plasma layer was recentrifuged at 13,000 g for
10 minutes. The supernatant was aliquoted in
sterile microtubes and stored at -70 °C before
DNA extraction.

CfDNA extraction

Cell-free fetal DNA (including maternal and
fetal DNA) was extracted from 1 ml of maternal
plasma using a magnetic bead-based DNA
extraction protocol, Kit for DNA isolation from
blood plasma (TESTGENE Inc., Ulyanovsk,
Russia) according to the manufacturer's
instructions. DNA from samples under 14 weeks
of gestation in a final volume of 35 pl and DNA
from samples above 14 weeks of gestation in a
final volume of 50 pl from elution buffer were
eluted, respectively. DNA  purity and
concentration were also determined using a
NanoDrop™  One Microvolume UV-Vis
Spectrophotometer (Thermo Scientific,
Waltham, USA). The DNA was immediately
used for PCR.

Real-Time PCR analysis

Duplex Real-Time PCR analysis (for SRY and
beta-globin genes or RASSF1A and beta-actin
genes) was performed using LightCycler 96
Real-Time PCR System (Roche, Basel,
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Switzerland) and TagMan chemistry (dual-
labelled hydrolysis probes).

The sequences of primers and probes
published in previous studies were used (18, 19).
However, for duplex PCR, they were further
analyzed by PrimeTime Multiplex Dye Selection
Tool and OligoAnalyzer Tool (available online

at https://eu.idtdna.com/pages/tools) and Beacon
Designer (available online at
https://Amww.premierbiosoft.com/qOligo/Oligo.js
p?PID=1). The primers and probes were
synthesized by Metabion Company (Metabion
GmbH, Steinkirchen, Germany). Details of
primers and probes are presented in Table 1.

Table 1. Details of the primers and probes of the target genes in this study.

Final  Product
Targetgene  Type/Direction Sequence and Label (Reporter 5' and 3' Quencher) con. size
(™) (bp)
Primer/Forward  5'-TGGCGATTAAGTCAAATTCGC-3 400
SRY Primer/Reverse  5'—-CCCCCTAGTACCCTGACAATGTATT -3 400 137
Probe (FAM) 5'—- AGCAGTAGAGCAGTCAGGGAGGCAGA -3 (BHQL) 200
Primer/Forward 5~ GTGCACCTGACTCCTGAGGAGA-3 400
Beta-globin ~ Primer/Reverse 5~ CCTTGATACCAACCTGCCCAG-3' 400 102
Probe (HEX) 5'— AAGGTGAACGTGGATGAAGTTGGTGG -3 (BHQL) 200
Primer/Forward  5'- AGCCTGAGCTCATTGAGCTG-3 400
RASSF1A Primer/Reverse  5'— ACCAGCTGCCGTGTGG-3 400 130
Probe (FAM) 5 — CCAACGCGCTGCGCAT -3 (BHQL) 200
Primer/Forward  5'-GCGCCGTTCCGAAAGTT -3 400
Beta-actin Primer/Reverse  5'—CGGCGGATCGGCAAA-3 400 137
Probe (HEX) 5~ ACCGCCGAGACCGCGTC -3 (BHQL) 200

Reaction Mixture and amplification conditions
Each duplex reaction was set up in a final volume
of 25 pl and consisted of 1 pl of each primer
(Forward and Reverse), 1 pl of the probe, 5 pl of
the template (from samples or controls), 12.5 pl of
TagMan PCR Master Mix (PCR BIOSYSTEMS
Ltd., London, UK) and 1.5 pl of sterile distilled
water (DW). PCR conditions consisted of 10
minutes at 95 °C for initial denaturation followed
by 50 cycles of 30 seconds at 95 °C for
denaturation, 30 seconds at 61 °C for annealing,
and 30 seconds at 72 °C for the extension. PCR
conditions were the same for all target genes.

In addition to SRY, the beta-globin gene in
each reaction (in duplex mode) was used as an
internal control to ensure the presence of total
DNA. In each PCR run, the DNA extracted from
nonpregnant females and males was used for

positive and negative controls of the SRY gene,
respectively. For these positive and negative
controls, the concentrations of 9.75 pg/PCR and 625
pg/PCR were used, respectively. Blank control
(sterile distilled water) was also used in each PCR
run to detect contamination during the amplification
Process.

Confirming the presence of cffDNA in the
negative SRY case

In the absence of SRY amplification, RASSF1A
gene amplification was used to confirm the presence
of cffDNA and to rule out false-negative results.
This gene is hypermethylated in fetal DNA and
hypomethylated in maternal DNA. Using BstUI
methylation-sensitive enzyme, the maternal DNA
can be digested, and if there is fetal DNA, by doing
PCR on it, the RASSF1A gene can be identified,
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which will then confirm the presence of cffDNA.
To this aim, 30 pl of the desired cfDNA sample was
incubated for 1 hour at 60 °C with 10 units of BstUI
enzyme (New England Biolabs, Cambridge, UK).
Then, with the same volume and temperature
conditions of PCR as mentioned in the preceding
sections, this treated sample was evaluated for
amplification of the two RASSF1A and beta-
actin genes (in duplex mode). Since beta-actin is
both hypomethylated and enzyme-sensitive in
both maternal and fetal DNA, it was used as a
control for complete digestion.

Interpretation of PCR results

Each sample was analyzed in triplicate for each
of the target genes, and the amplification results
were interpreted as positive, negative and
invalid. If at least 2/3 of the replicates were
amplified, the result was considered positive, and
if none of the replicates was amplified, the result
was considered negative. If only 1/3 of the
replicates were amplified, the test was repeated
in triplicate, and if at least 4/6 of the replicates
were amplified, the result was considered
positive and otherwise invalid. With regard to all
the PCR conditions in this study, the maximum
acceptable Ct value for positive cases was set 40
for all selected genes. For the SRY and
RASSF1A genes (in the sample after enzyme
treatment) a minimum acceptable Ct value of 30
was considered.

Quantitative PCR assay using an in-house method

To perform this in-house procedure, the
mononuclear white blood cells (MNCs) were
isolated from 6 ml of whole blood using Ficoll.
These cells were then accurately counted by an
automated hematology analyzer, Sysmex XE
5000 (Sysmex Corporation, Kobe, Japan), and
1:10 and 1:100 dilutions were prepared from
them using Phosphate-Buffered Saline (PBS)
(Table 2). Knowing that there are 1 or 2 copies
of each gene in each human diploid cell, such as
MNCs (in heterozygous and homozygous
conditions, respectively), according to Tables 3
and 4, the MNCs were re-diluted to achieve the
desired copy number. Then, the DNA of each
dilution was extracted using the CinnaPure DNA
Extraction Kit (SinaClon, Tehran, Iran) and
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mixed in 50 ml of elution buffer. The Real-Time
PCR procedure with the same volume values
and temperature conditions mentioned in the
previous sections was performed separately for
each gene with the specified copy number in
triplicate conditions. The standard curve for each
gene (SRY, RASSF1A, and beta-globin) was
plotted using the real-time PCR instruments'
software and the values of efficiency, correlation
coefficient (R2) and slope were calculated.

Statistical analysis

The genotype results from cffDNA were
compared with the results of ultrasonography
and phenotype (gender) of the newborn at birth.
Using MedCalc Version 19.1.5 (MedCalc
Software, Belgium), parameters related to
diagnostic tests including sensitivity, specificity,
positive predictive value, negative predictive
value and accuracy of the method were
calculated.

Results

Fetal sex determination

In this study, a total of 25 pregnant women with a
mean age of 27.88 + 4.39 years were studied,
12% of whom were in the first trimester and 88%
in the second trimester. Of these, 12 samples
(48%) were genotyped as male and 13 samples
(52%) were genotyped as female. The results of
RASSF1A gene amplification in 13 samples with
negative SRY also confirmed the presence of fetal
DNA.

By comparing the results of genotype and
phenotype (gender at birth), it was found that
there was complete concordance between them
and thus all results related to diagnostic test
parameters were calculated 100% (details in
Table 5).

The mean cycle threshold (Ct) value for the
positive SRY (in duplex mode) results of the
samples analyzed was 38.13 in the first trimester
and 35.98 in the second trimester.

Quantitative PCR using an in-house method

The results of the quantification of the three
SRY, RASSF1A and beta-globin genes are
shown in Table 6. The limit of detection
(LOD) of the SRY gene was 1.46 copies per
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reaction and for RASSF1A, beta-globin and An overview of the steps and results of this
beta-actin genes, it was 2.95 copies per study is shown as a flowchart in Figure 1.
reaction.

Table 2. Number of mono nuclear cells (MNCs) counted by an automated hematology analyzer and copy number of homozygous and
heterozygous genes in undiluted and diluted samples.

Undiluted sample Dilution of sample  1:100 Dilution of sample
MNC number (Mean)/pl 6000 600 60
(_iene copy number/pl N 6000 600 60
(in Heterozygous condition)
Gene copy number/pl 12000 1200 120

(in Homozygous condition)

Table 3. Dilution of mono nuclear cells (MNCs) to obtain the desired copy humber of the SRY gene that is heterozygous (one copy
per cell) in human MNCs.

Gene copy Sample

Sample number/pl  preparation for FL%?L?]?:[? n Genebco/p); Template VO::J:T];I of Final gene copy
(number of (before _ DNA extraction DNA (I:flgr eDer:A volume for PCR number/PCR
HES) ZhA Sample volume Extraction (pul) extraction) LR reaction (ul) G
extraction)  (ul) + DW (ul) r n

1:10 Dilution

(MNCs: 600) 600 83.3+16.7 50 1000 10 25 10,000

1:10 Dilution

(MNCs: 600) 600 8.3+9L7 50 100 10 25 1000

1:100 Dilution

(MNCs: 60) 60 8.3+91.7 50 10 10 25 100
To prepare the final gene copy number with 10 copies, we made a 1:10 dilution 10 25 10

from the sample with the 10 copies (obtained after DNA extraction)

Table 4. Dilution of mono nuclear cells (MNCs) to obtain desired copy number of the beta-globin and RASSF1A genes
that are homozygous (two copies per cell) in human MNCs.

Cie ey Sample Final elution Gene copy el
oo memberhl perslonor e b TR voumeof gy
MNCs) DNA Sample volume LA (i =y DA PCR (ul) reaction reaction
A P Extraction (pul) extraction) t
extraction)  (ul) + DW (ul) ()]
1:10 Dilution
(MNCs: 600) 1200 83.3+16.7 50 2000 5 25 10,000
1:10 Dilution
(MNCs: 600) 1200 8.3+91.7 50 200 5 25 1000
1:100 Dilution
(MNCs: 60) 120 8.3+91.7 50 20 5 25 100
To prepare the final gene copy number with 10 copies, we made a 1:10 dilution 5 25 10

from the sample with the 20 copies (obtained after DNA extraction)

Table 5. Performance evaluation of noninvasive fetal sex determination test using diagnostic test parameters.

Diagnostic test parameters Fetal sex by noninvasive prenatal diagnosis
Sensitivity 100% (82.35% to 100.00%) *

Specificity 100% (83.89% to 100.00%)

Positive predictive value 100%

Negative predictive value 100%

Accuracy 100% (91.19% to 100.00%)

* 95% Confidence Interval.
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Table 6. Results of calculation of PCR efficiency, correlation coefficient (R2) and curve slope with mean Ct value for each of the target
genes (except beta-actin) in the samples with specified copy number.

Genename  Efficiency RZ value  Slope ?Aean Ct value_‘ Mean Ct valye Mean Ct vqlue Mean Ct \{alue
or 10,000 copies  for 1000 copies  for 100 copies for 10 copies
SRY 1.82 0.99 -3.85 2955 33.88 37.26 Neg
Beta-globin 1.8 0.92 -391 2855 32.53 36.38 38.20
RASSF1A 1.73 0.98 -421 3401 38.81 42.31 Neg
Steps

1 Sample collection

Maternal blood sample

(Whole blood)
N: 25

2 ¢fDNA extraction from maternal Plasma

3 SRY amplification by Real-Time PCR

v

N:12

SRY positive

N: 13

SRY negative

4 Ruling out false negatives with a
supplemental test (New cfDNA sample
and treat it with BstUI)

4

The maternal DNA is digested and the

fetal DNA remains

5 PCR for RASSF1A and beta-actin -~

e

v

v

-

with neonatal phenotype

6 Comparison of fetal genotype

RASSF1A + RASSF1A - RASSF1A - RASSF1A +
Beta-actin - Beta-actin - Beta-actin + Beta-actin +
v \ 4 v
Female Inconclusive Inconclusive Inconclusive
N:13 N: O N: O N: 0
Male: 12 Female: 13

Fig. 1. Flowchart of the steps and results of noninvasive fetal sex determination.
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Discussion

Non-invasive fetal sex determination is
nowadays performed as a NIPT test to timely
identify and manage high-risk cases of sex-
linked genetic diseases. The present study was
conducted in this regard and the results show
the high accuracy of the method used for this
number of samples.

One of the important issues regarding fetal
sex determination by the molecular method is
the prevention of false and invalid results,
especially false-negative results. The major
cause of the false-negative results is the low
cffDNA level in the plasma sample which is
most often observed when sampling has been
done in the early weeks of pregnancy (20, 21).
Researchers generally recommend using more
plasma volume for DNA extraction (depending
on the ability of the extraction kit), reducing the
volume of the final buffer elution, and using
more DNA template for PCR to improve assays
(13). In the present study, our approach to
managing this challenge was the use of lower
elution buffer volume (35 pl) and higher DNA
sample volume in PCR reaction (6.5 pl) for
cases under 14 weeks of gestation. Since these
two simple steps had a positive effect on
cffDNA concentration, no false-negative results
were found, and all samples were genotyped
correctly. However, the number of these
samples (the first trimester) was not large
enough to state with certainty that this strategy
is appropriate for cases in the early weeks of
pregnancy. In general, and based on the results
of other studies, to reduce false-negative results,
performing this test from week 7 onwards is
recommended and there's also no need to do it
in the earlier weeks (5, 22).

In cases where SRY was negative, the use of
RASSF1A as a sex-independent universal fetal
marker played an important role in ruling out
false-negatives. According to the results of the
13 cases for whom the RASSF1A assay was
carried out, RASSF1A can be introduced as an
appropriate and beneficial marker for internal
control in fetal sex determination, though
studies with larger sample sizes are required to
verify its accuracy. Since RASSF1A is a
promoter of a tumor suppressor gene and its

methylation may be altered in cancer patients,
in order to prevent false-positive results in the
RASSF1A assay, a history of cancer in the
women studied was also taken into account (14,
23).

The relationship between the time of plasma
separation and the amount of cffDNA is of
paramount importance, according to which
generally the sooner plasma separation is
performed (in the early hours of sampling), the
higher the relative quantity of cffDNA (relative
to maternal DNA released from white Blood
cells), and the better its quality (24-26). Plasma
isolation was performed with a delay after 48
hours of storage at 4 °C in four cases. However,
the results of fetal genotype and neonatal
phenotype (gender) were totally consistent and
no errors were observed. Jensen and colleagues
(2019) also found in a study on 50 cases of
pregnant women that delaying plasma
separation up to 72 hours did not significantly
affect the amount of cffDNA in the maternal
plasma. They reported a relatively short time
difference (1 to 72 hours) as a possible cause of
this outcome (27). However, further studies
with a larger sample size are recommended to
confirm this.

Absolute quantitative analysis in this study
was performed using an in-house method, and
the results were acceptable. Estimates of the
total cfDNA (beta-globin) and cffDNA (SRY or
RASSF1A) copy numbers of the analyzed
samples can be obtained using the mean Ct
values obtained from PCR for each copy
number (according to Table 6) and their
standard curves. Although this in-house method
may not have the efficacy of commercial
standard-based methods, it can partly meet the
purposes of quantifying target genes, in the
absence of commercial standard reagents and to
reduce costs.

Although the main purpose of this study was
to establish and evaluate the diagnostic
accuracy of noninvasive fetal sex determination
in the first and second trimesters of pregnancy,
performing this test in the early weeks for
identifying and managing sex-linked diseases is
of greater importance and clinical efficacy for
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the individual at-risk (1). Therefore, the main
limitation of the present study is the small
sample size of the first trimester, which can be
addressed in future studies to increase the
power of the study and its clinical use.

Non-invasive fetal sex determination testing
using the strategy used in this study can be
performed with high accuracy from week 7
onwards and can be a suitable alternative to
traditional and invasive methods of fetal sex
determination in the management of sex-linked
genetic diseases.
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