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Down syndrome (DS) is caused by trisomy of chromosome 21 and it is the most common
genetic cause of intellectual disability (ID) in humans. Subjects with DS show a typical
phenotype marked by facial dysmorphisms and ID. Partial trisomy 21 (PT21) is a rare
genotype characterized by the duplication of a delimited chromosome 21 (Hsa21) portion
and it may or may not be associated with DS diagnosis. The highly restricted Down
syndrome critical region (HR-DSCR) is a region of Hsa21 present in three copies in all
individuals with PT21 and a diagnosis of DS. This region, located on distal 21q22.13, is 34
kbp long and does not include characterized genes. The HR-DSCR is annotated as an
intergenic region between KCNJ6-201 transcript encoding for potassium inwardly
rectifying channel subfamily J member 6 and DSCR4-201 transcript encoding Down
syndrome critical region 4. Two transcripts recently identified bymassive RNA-sequencing
(RNA-Seq) and automatically annotated on Ensembl database reveal that the HR-DSCR
seems to be partially crossed by KCNJ6-202 and DSCR4-202 isoforms. KCNJ6-202
shares the coding sequence with KCNJ6-201 which is involved in many physiological
processes, including heart rate in cardiac cells and circuit activity in neuronal cells.DSCR4-
202 transcript has the first two exons in commonwithDSCR4-201, the only experimentally
verified gene uniquely present inHominidae. In this study, we performed in silico and in vitro
analyses of the HR-DSCR. Bioinformatic data, obtained using Sequence Read Archive
(SRA) and SRA-BLAST software, were confirmed by Reverse Transcription-Polymerase
Chain Reaction (RT-PCR) and Sanger sequencing on a panel of human tissues. Our data
demonstrate that the HR-DSCR cannot be defined as an intergenic region. Further studies
are needed to investigate the functional role of the new transcripts, likely involved in DS
phenotypes.
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1 INTRODUCTION

Human chromosome 21 (Hsa21) is the smallest human
autosome, and it represents 1–1.5% of the human genome
(Piovesan et al., 2019). Jérôme Lejeune was the first to
associate Down syndrome (DS) to trisomy 21 (T21) (Lejeune
et al., 1959) leading to an increasing interest about Hsa21
sequence. After chromosome 22, Hsa21 was the second
human chromosome whose sequence was determined (Hattori
et al., 2000). To date, Hsa21 is the human chromosome with the
lowest number of genes (Piovesan et al., 2016); it has 228 known
protein-coding and 106 non-coding RNA (ncRNA) genes (http://
www.ncbi.nlm.nih.gov/gene). However, it is still unclear how the
specific alterations of Hsa21 genes are linked to the phenotypic
features of subjects with DS.

The study of the extremely rare cases of partial trisomy 21
(PT21) is a key model for linking genotype and phenotype in
subjects with DS (Korbel et al., 2009; Lyle et al., 2009; Pelleri et al.,
2016; Pelleri et al., 2017). PT21 is characterized by the duplication
of only a segment of Hsa21 that may or may not be associated with
DS diagnosis. Since the early ‘70s, numerous attempts have been
made to understand which segments of Hsa21 present in triplicate
are responsible for the phenotype of DS. Briefly, after the
development of chromosomal banding techniques, many articles
have described the presence of 3 G regions on the distal half of the
long arm (21q22) of Hsa21 in PT21 subjects with DS phenotype
(Caspersson et al., 1970). At the same time, the absence of the
syndromewas reported in PT21 subjects where the short arm (21p)
and the proximal part of the long arm (21q21) were present in
three copies (Shapiro, 1999). These results indicate a relationship
between the 21q22 region and DS phenotype, while 21p and 21q21
resulted not essential for the development of DS pathogenesis
(Gustavson, 1964; Hamerton, 1971; Daniel, 1979; Eggermann and
Schwanitz, 2011). In 1974, Niebuhr and coll. reviewed 14
previously described cases of PT21 subjects and identified a
region of 17.4Mb in 21q22 locus that is needed to manifest DS
(Niebuhr, 1974). The limits of 17.4Mb region were further
restricted thanks to the analysis of other PT21 cases
(McCormick et al., 1989; Rahmani et al., 1989; Delabar et al.,
1993) that allowed the identification of the Down syndrome critical
region (DSCR) (Rahmani et al., 1989). Systematic attempts were
then published in 2009 to identify “critical regions” on Hsa21 for
several distinct phenotypes observed inDS (Korbel et al., 2009; Lyle
et al., 2009). A systematic reanalysis of all described cases of PT21
from 1973 to 2019 was performed (Pelleri et al., 2016; Pelleri et al.,
2019) rather than trying to identify subregions responsible for
distinct phenotypes, we focused on the diagnosis of DS implying its
most common clinical findings: a recognizable form of intellectual
disability (ID) and typical DS facies. It was demonstrated that the
presence of a highly restrictedDown syndrome critical region (HR-
DSCR) of only 34 kb located on distal 21q22.13 from 37,929,229 to
37,963,130 shared by all subjects with PT21 and with diagnosis of
DS (Pelleri et al., 2019).

The HR-DSCR sequence was conserved during evolution in
the Hominidae family, suggesting a role in the development of
higher brain function (Saber et al., 2016). The HR-DSCR is
annotated as an intergenic region between KCNJ6-201 gene

encoding for potassium inwardly rectifying channel subfamily
J member 6 and DSCR4-201 gene encoding Down syndrome
critical region 4 (Figure 1).

The HR-DSCR has not yet been characterized, but recently, two
transcripts partially crossing this region were identified by massive
RNA sequencing (RNA-Seq) and automatically annotated in
Ensembl Genome Browser. The first transcript is KCNJ6-202
(ENST00000645093.1) which extends the KCNJ6 locus through
the addition of two exons upstream of HR-DSCR and includes this
region within a long intron (see Figure 1). KCNJ6-201
(NM_002240.5) and KCNJ6-202 are both transcripted from the
reverse DNA strand and they share the complete coding sequence
(CCDS) (CCDS42927) (highlighted in dark green and dark blue in
Figure 1) encoding for a G protein-activated inward rectifier
potassium channel 2 (GIRK2; NP_002231.1). In humans, GIRK2
is predominantly expressed in central nervous system (CNS)
neurons and generates slow inhibitory post-synaptic potentials
playing an important role in the control of resting membrane
potential and regulation of cellular excitability (Cooper et al., 2012).
KCNJ6-201 mutation is associated with Keppen-Lubinsky
Syndrome (OMIM #614098), a rare condition characterized by
severe developmental delay, facial dysmorphism, and ID.

KCNJ6-202 partially shares its two additional exons with
DSCR4 isoforms (see genomic coordinates reported in
Table 1), and together with DSCR4-202 is the only transcript
that overlaps HR-DSCR (see Figure 1).

DSCR4, also known as DCRB, is expressed predominantly in
the placenta and its function is still unknown (Dunn et al., 2006).
Three isoforms, DSCR4-201 (ENST00000398948), DSCR4-202
(ENST00000398948.5), and DSCR4-203 (ENST00000482032.1)
are annotated in the genome databases and they share the first
two exons and the promoter. The first exon is separated by 92-bp
sequence from DSCR8 gene; this separator sequence is a
bidirectional promoter that starts the transcription of both
genes. DSCR4-202 is the only transcript that overlaps HR-
DSCR with two exons (see Figure 1). DSCR4 gene is the only
annotated gene specific of the Hominidae family, which includes
humans and great apes, recognized for unique complex social
behaviour and intellectual abilities (Saber et al., 2016).

The aim of this work is to characterize HR-DSCR locus looking
for genetic determinants that might justify the correlation
between this region and the main phenotypic characteristics of
DS. Using Sequence Read Archive-Basic Local Alignment Search
Tool (SRA-BLAST) software we performed an in silico analysis to
report KCNJ6 and DSCR4 expression values in several tissues. In
the same panel of tissues, KCNJ6 and DSCR4 expression values
were detected by Reverse Transcription-Polymerase Chain
Reaction (RT-PCR).

2 MATERIALS AND METHODS

2.1 HR-DSCR Computational Analysis
Ensembl Genome Browser (https://www.ensembl.org/index.
html) was used to annotate the exon limits of the investigated
isoforms and to observe their location in comparison to the HR-
DSCR limits. BLASTN software was used to align exon junction
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sequences (used as query sequence) with RNA-Seq experiments
selected as explained below, in order to evaluate tissue isoform
expression. For reads obtained by the bio-project “Illumina HiSeq
2500 of 4 human trisomy 21 and 4 human normal control blood
cells” (PRJNA635385), recently annotated on Gene, we used local
SRA-BLAST (https://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?
view�software) to perform the alignments. We considered
only alignments with at least 95% of query cover and 97% of
identity as significative.

2.2 RNA-Seq Experiment Selection
RNA-Seq experiments were selected on KCNJ6 (https://www.ncbi.
nlm.nih.gov/gene/3763) and DSCR4 (https://www.ncbi.nlm.nih.
gov/gene/10281) NCBI Gene schedule under the “Expression”
heading. The three bio-projects selected were: “HPA RNA-seq
normal tissues (PRJEB4337)”; “RNA sequencing of total RNA from
20 human tissues (PRJNA280600)”; “Illumina bodyMap2
transcriptome (PRJEB2445)”; we excluded “Tissue-specific
circular RNA induction during human foetal development
(PRJNA270632)” because it included experiments performed on
circular RNA during the fetal phase. We included the bio-project
“Illumina HiSeq 2500 of 4 human trisomy 21 and 4 human normal
control blood cells” (PRJNA635385), in which RNA-Seq was

performed on RNA samples extracted following the same
procedures and conditions of RNA used in this work for
in vitro analyses (Antonaros et al., 2021b).

We considered RNA samples obtained by tissues (both
euploid and T21) involved in the DS phenotype and which
were available in our laboratory to confirm computational data
with molecular biology experiments.

The euploid tissues selected from the four bio-projects were:
adrenal gland, brain, cerebellum, cerebral cortex, heart, liver,
placenta, skeletal muscle, skin, testis, thymus, thyroid, white
blood cells and blood cells. The T21 tissue selected was T21
blood cells (see Supplementary Table S1).

2.3 RNA Sample Selection for in Vitro
Analyses
For the molecular biology experiments, we used commercially
available RNA samples (Clontech, Mountain View, CA), derived
from the following human euploid tissues: adrenal gland, brain,
cerebellum, cerebral cortex, heart, liver, placenta, skeletal muscle,
testis, thymus, thyroid. The main characteristics of RNA donors
are listed in Supplementary Data Set S1. The results reported by
the in vitro analyses were compared with those reported by the

FIGURE 1 | Graphical representation of 21q22.13 locus. The coding sequence is highlighted in dark green and dark blue. The exon coordinates of the analysed
transcripts are reported in Table 1.

TABLE 1 | Exon coordinates of the analysed transcripts. The exons inside the HR-DSCR locus are reported in red. The exons encompassing the HR-DSCR are reported in
green. The graphical representation of the transcripts is shown in Figure 1. Genomic coordinates refer to the Genome Reference Consortium (GRC) human genome
assembly GRCh38, or hg38.

Transcripts

KCNJ6-201 KCNJ6-202 DSCR4-201 DSCR4-202 DSCR4-203

Exon
coordinates

E1: 37,961,457-37,915,884 E1b: 38,121,345-38,121,128 E1: 38,121,360-38,121,128 E1: 38,121,360-38,121,128 E1: 38,121,360-38,121,128
E2: 37,840,709-37,840,658 E1bis: 38,120,408-38,120,307 E2: 38,120,408-38,120,307 E2: 38,120,408-38,120,307 E2: 38,120,408-38,120,307
E3: 37,715,131-37,714,211 E2: 37,840,709-37,840,658 E3: 38,054,773-38,054,011 E3: 37,953,005-37,952,821 E3: 38,099,338-38,099,277
E4: 37,625,484-37,607,373 E3: 37,715,131-37,714,211 — E4: 37,951,702-37,951,425 E4: 38,097,509-38,097,267

— E4b: 37,625,484-37,623,559 — — E5: 38,094,840-38,094,758
— — — — E6: 38,093,348-38,093,244
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RNA-Seq experiments carried out on the same tissues and
listed above.

It was possible to detect the expression of KCNJ6 and DSCR4
both in euploid and trisomic tissues only for RNA derived from
fibroblast and blood cells obtained as follows.

Normal and T21 blood samples were collected at the
Neonatology Unit of S. Orsola-Malpighi Hospital of Bologna,
in the context of the “Genotype-phenotype correlation in trisomy
21 (Down syndrome)” project (for ethical approval, see
“Declarations” section below). Blood samples were collected in
ethylenediaminetetraacetic acid (EDTA)-coated blood collection
tubes, and plasma fraction was isolated within 2 h from blood
collection according to our previously published work
(Antonaros et al., 2021a). Five mL of denaturing solution were
added to the remaining blood fraction and it was stored at -20°C
until RNA extraction. The main features of donors are listed in
Supplementary Data Set S1. The results reported by the in vitro
analyses were compared with those reported by the RNA-Seq
experiments (PRJNA635385) performed on normal and T21
blood samples.

Normal and T21 primary fibroblast cell lines were provided by
Galliera Genetic Bank (GGB), member of the “Network Telethon
of Genetic Biobanks.” All the cell lines were tested for
mycoplasma to exclude possible contamination. Furthermore, a
karyotype analysis was carried out on T21 cell lines by GGB to
confirm the cytogenetic diagnosis. Five mL of denaturing solution
was added to the cell flasks and they were stored at −20°C until
RNA extraction. The main features of donors are listed in
Supplementary Data Set S1. The results reported by the
in vitro analyses performed on euploid fibrobast cell lines were
compared with those reported by the RNA-Seq experiments
(PRJEB4337) performed on normal skin tissues.

RNA extraction from blood samples and fibroblast cell lines
was performed with the method of Chomczynski and Sacchi
(Chomczynski and Sacchi, 1987), and RNA quantity and quality
were verified through electrophoresis on agarose gel
(visualization and quantification with GelDoc 2000 and
Quantity One software, Bio-Rad Laboratories, Hercules, CA,
United States) and through Nanodrop spectrophotometer
(ND-1000 spectrophotometer, Thermo Fisher Scientific,
Waltham, MA, United States).

2.4 Primer Design
Primer pairs were designed with “Amplify 3” program (Engels,
1993) following the standard criteria described by Sharrocks
(Sharrocks, 1994). Briefly, primers should have an annealing
temperature (Ta) between 55°C and 65°C and the difference
between the two temperatures should be less than 2°C.
Guanines (Gs) and Cytosines (Cs) content should be around
40–60% and it is recommended to avoid secondary structures
such as hairpins, self-dimers and cross-dimers which could be
caused by self-complementarity of forward and reverse primers.
The primers must have biological specificity to avoid non-specific
amplifications within the genome (Ye et al., 2012). Primer BLAST
software (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was
used to evaluate the biological specificity by comparing the
primer pair sequences versus the entire collection of

nucleotides (nr/nt). The primer sequences and characteristics
were reported in Supplementary Table S2.

2.5 In vitro Expression Analysis: RT-PCR
and Sanger Sequencing
Pools of RNA samples were created from RNA derived from T21
and normal control blood cells: one with three T21 blood cell
RNA samples (330 ng of each) and the second with three normal
control blood cell RNA samples (330 ng of each) (see
Supplementary Data Set S1). Pools of RNA samples were
created from RNA from T21 and normal control fibroblasts:
one with three T21 fibroblast RNA samples (330 ng of each) and
the second with three normal control fibroblast RNA samples
(330 ng of each) (see Supplementary Data Set S1).

Reverse transcription (RT) was conducted on 1 µg of RNA (in a
total volume of 20 µL). Complementary DNA (cDNA) was
obtained using “SuperScript III First-strand Synthesis Supermix”
kit (Invitrogen by Life technologies, Grand Island, NY,
United States) according to manufacturer instructions: 10min
(minutes) at 25°C, 30min at 50°C, 5 min at 85°C. cDNA
obtained from RT was amplify through PCR to detect KCNJ6
and DSCR4 expression. Each 25 µL PCR reaction contained 2.5 µL
of cDNA, 1 unit (U) of Platinum Taq DNA Polymerase
(Invitrogen; Thermo Fisher Scientific), 2.5 µL of PCR buffer
(10x), 25 mM of MgCl2 (final 1.5 mM), 5 mM dNTPs mix (final
0.2 mM), 0.2 µM of each primer. The mixture was denatured at
94°C for 5 min and the PCR was performed for 45 cycles under the
following conditions: denaturation at 94°C for 30 seconds (s),
annealing at 58–62°C (depending on primer features) for 30 s or
1 min (30 s for transcripts <1,000 bp, 1 min for transcripts
>1,000 bp), and extension at 72°C for 1 min. The final extension
cycle of 72°C was for 10min. RT reactions were performed using
MJ Research PTC-200 Thermal Cycler and PCR reactions were
performed using GenePro TC-E-48D Thermal Cycler.

Amplification products were analyzed by electrophoresis on
agarose gel and by Sanger sequencing. The RT-PCR products
were purified with GenElute PCR Clean-up Kit (Sigma-Aldrich,
Saint Louis, MO, United States) and prepared for Sanger
sequencing. The mixture was prepared following BigDye Kit
protocol (Applied Biosystems, Carlsbad, CA, United States):
10 ng of amplicon, 0.32 µM of forward or reverse primer, 2 µL
of PCR buffer, 0.5–1 µL of BigDye (0.5 µL for transcripts <500 bp,
1 µL for transcripts ≥ 500 bp), and sterile water up to 10 µL of
final volume. Automated sequencing was performed with
Applied Biosystems ABI 3730 DNA.

Finally, we compared the results obtained by RT-PCR, SRA-
BLAST alignments and data available on Ensembl to determine
the structure of KCNJ6 and DSCR4 transcripts.

3 RESULTS

3.1 HR-DSCR Computational Analysis
Figure 1 shows a graphical representation of KCNJ6-201 and
KCNJ6-202 isoforms and Table 1 reports the exon coordinates of
each transcript. The first and second exons of KCNJ6-202 are
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present only in this isoform and, in this work, they are named as
Exon (E)1b and E1bis (see Figure 1 and Table 1). The third and
the fourth exons of KCNJ6-202 correspond to the second and
third exons of KCNJ6-201 (named as E2 and E3 in both isoforms;
see Figure 1 and Table 1). The fifth exon of KCNJ6-202 (called
E4b; see Figure 1 and Table 1) is identical, for the first part of the
sequence, to the fourth exon of KCNJ6-201 (called E4; see
Figure 1 and Table 1). KCNJ6-202 transcript includes the HR-
DSCR in a long intron located between the second and third
exons (E1bis and E2; see Figure 1 and Table 1).

Regarding DSCR4 gene isoforms to date, DSCR4-201, DSCR4-
202 and DSCR4-203 are annotated in the genome databases. The
three isoforms share the first and second exons of which the first
is similar to the first exon of KCNJ6-202 (E1b; see Figure 1 and
Table 1), and the second exon is totally shared with KCNJ6-202
(E1bis; see Figure 1 and Table 1). DSCR4-201, the only DSCR4
isoform registered on National Center for Biotechnology
Information (NCBI) Gene database, was discovered in 1997
via Expressed Sequence Tag (EST) (Nakamura et al., 1997)
and it has three exons (see Figure 1 and Table 1). DSCR4-202
transcript is described as long non-coding-RNA (lncRNA), and it
has 4 exons of which the third and the fourth are included in the
HR-DSCR (see Figure 1 and Table 1). The longest isoform of
DSCR4 gene is DSCR4-203, which has 6 exons (see Figure 1 and
Table 1) and it is described as lncRNA.

Finally, BLASTN software was used to align exon junction
sequences (used as query sequence) with RNA-Seq experiments.
The exon junction sequence of 50 bp was used as query sequence,
and it was generated by the last 25 nucleotides (nt) of the previous
exon (e.g., exon 1) and the first 25 nt of the next exon (e.g., exon
2). KCNJ6-201 and KCNJ6-202 shared 2 exon junctions, one
generated by the last 25 nt of the E2 and the first 25 nt of the E3,
and the second generated by the last 25 nt of the E3 and the first
25 nt of the E4 (see Figure 1 and Table 1). KCNJ6-202 and the
three isoforms of DSCR4 shared 1 exon junction generated by the
last 25 nt of the E1 (or E1b) and the first 25 nt of the E2 (or E1bis)
(see Figure 1 and Table 1).

3.2 RNA-Seq Experiment Selection
We analyzed 86 RNA-Seq experiments selected following the
parameters mentioned above (Material and Methods Section
2.3). Exon junction sequences of each transcript were listed in
the respective Supplementary Tables: KCNJ6-201 (see
Supplementary Table S3); KCNJ6-202 (see Supplementary Table
S4); DSCR4-201 (see Supplementary Table S5); DSCR4-202 (see
Supplementary Table S6); DSCR4-203 (see Supplementary Table
S7) were compared to RNA-Seq experiments using SRA-BLAST.

3.2.1 Sequence Alignment Between RNA Experiments
and KCNJ6-201 Transcript
The reads generated by RNA-Seq experiments were aligned with the
exon junctions of KCNJ6-201 transcript. The alignments predict the
expression of the entire KCNJ6-201 transcript in cerebral tissues
(brain, cerebellum and cerebral cortex) confirming the data reported
in literature (Fagerberg et al., 2014), and predict the expression of
part of the transcript in adrenal gland and testis (see Table 2). For
more details see Supplementary Table S3.

3.2.2 Sequence Alignment Between RNA Experiments
and KCNJ6-202 Transcript
The reads generated by RNA-Seq experiments were aligned
with exon junctions of KCNJ6-202 transcript and no
alignments with the entire isoform were reported. The first
exon junction (E1b-E1bis), detected in placenta and testis, is
the same of DSCR4-201, DSCR4-202, and DSCR4-203 and was
indicated with an asterisk (*) in Tables 3–6. E1bis-E2, which is
exclusive of this transcript, did not generate alignments with
RNA-Seq experiments. The last part of the transcript (E2-E4),
being in common with KCNJ6-201 isoform, generated the same
alignments reported in Table 2 in the columns “E2-E3” and
“E3-E4” (see Tables 2, 3). For more details see Supplementary
Table S4).

3.2.3 Sequence Alignment Between RNA-Seq
Experiments and DSCR4-201 Transcript
The reads generated by RNA-Seq experiments were aligned
with exon junctions of DSCR4-201 transcript. The alignments
predict the expression of the entire transcript in placenta
and testis, confirming the previous literature data (Saber et al.,
2016) (seeTable 4). For more details see Supplementary Table S5.

3.2.4 Sequence Alignment Between RNA-Seq
Experiments and DSCR4-202 Transcript
The reads generated by RNA-Seq experiments were aligned
with DSCR4-202 transcript. The alignments predict the
expression of the entire DSCR4-202 transcript only in testis (see
Table 5). For more details see Supplementary Table S6.

3.2.5 Sequence Alignment Between RNA-Seq
Experiments and DSCR4-203 Transcript
The reads generated by RNA-Seq experiments were aligned with
the exon junctions of DSCR4-203 transcript and no alignments

TABLE 2 | Summary results of KCNJ6-201 expression by SRA-BLAST analysis.
The results of alignments between the query sequences derived from KCNJ6-
201 and the reads generated by RNA-Seq experiments were reported in this table
for each tissue. Only alignments with at least 95% of query cover and 97% of
identity were considered as significant and reported in the table.

KCNJ6-201

Tissue Expression

E1-E2 E2-E3 E3-E4

Adrenal Gland No 3 alignments No
Brain 14 alignments 25 alignments 13 alignments
Cerebellum 17 alignments 15 alignments 9 alignments
Cerebral cortex 9 alignments 12 alignments 10 alignments
Heart No No No
Liver No No No
Placenta No No No
Skeletal muscle No No No
Skin No No No
Testis 6 alignments 2 alignments No
Thymus No No No
Thyroid No No No
White blood cells No No No
T21 blood cells No No No
Normal control blood cells No No No
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with the entire isoform were reported (see Table 6). For more
details see Supplementary Table S7.

3.2 KCNJ6 and DSCR4 in vitro
Characterization: RT-PCR and Sanger
Sequencing
Reverse Transcription-Polymerase chain reaction (RT-
PCR) was used to perform KCNJ6 and DSCR4

expression profiles in several tissues (see Supplementary
Data Set S1).

The entire KCNJ6-201 transcript, amplified by primer pairs on
E1-E4 (see Supplementary Table S2), was detected in adrenal
gland, brain, cerebellum, cerebral cortex, heart, placenta, skeletal
muscle, skin, thymus, and thyroid (see Figure 2). We obtained
part of the transcript in several tissues (for more details see
Supplementary Table S8a). Sanger sequencing in brain
confirmed PCR results.

TABLE 3 | Summary results of KCNJ6-202 expression by SRA-BLAST analysis. The results of alignments between the query sequences derived from KCNJ6-202 and the
reads generated by RNA-Seq experiments were reported in this table for each tissue. Only alignments with at least 95% of query cover and 97% of identity were
considered as significant and reported in the table.

KCNJ6-202

Tissue Expression

E1b-E1bis E1bis-E2 E2-E3 E3-E4

Adrenal Gland No No 3 alignments No
Brain No No 25 alignments 13 alignments
Cerebellum No No 15 alignments 9 alignments
Cerebral cortex No No 12 alignments 10 alignments
Heart No No No No
Liver No No No No
Placenta 17 alignments* No No No
Skeletal muscle No No No No
Skin No No No No
Testis 33 alignments* No 2 alignments No
Thymus No No No No
Thyroid No No No No
White blood cells No No No No
T21 blood cells No No No No
Normal control blood cells No No No No

*The first exon junction (E1b-E1bis), detected in placenta and testis, is the same of the E1-E2 exon junction found in the DSCR4 isoforms.

TABLE 4 | Summary results of DSCR4-201 expression by SRA-BLAST analysis.
The results of alignments between the query sequences derived fromDSCR4-
201 and the reads generated by RNA-Seq experiments were reported in this table
for each tissue. Only alignments with at least 95% of query cover and 97% of
identity were considered as significant and reported in the table.

DSCR4-201

Tissue Expression

E1-E2 E2-E3

Adrenal Gland No No
Brain No No
Cerebellum No No
Cerebral cortex No No
Heart No No
Liver No No
Placenta 17 alignments* 10 alignments
Skeletal muscle No No
Skin No No
Testis 33 alignments* 2 alignments
Thymus No No
Thyroid No No
White blood cells No No
T21 blood cells No No
Normal control blood cells No No

*The first exon junction (E1-E2), detected in placenta and testis, is the same of the first
exon junctions found in KCNJ6-202 and in the other DSCR4 isoforms.

TABLE 5 | Summary results of DSCR4-202 expression by SRA-BLAST analysis.
The results of alignments between the query sequences derived fromDSCR4-
202 and the reads generated by RNA-Seq experiments were reported in this table
for each tissue. Only alignments with at least 95% of query cover and 97% of
identity were considered as significant and reported in the table.

DSCR4-202

Tissue Expression

E1-E2 E2-E3 E3-E4

Adrenal Gland No No No
Brain No No No
Cerebellum No No No
Cerebral cortex No No No
Heart No No No
Liver No No No
Placenta 17 alignments* No No
Skeletal muscle No No No
Skin No No No
Testis 33 alignments* 1 alignment 1 alignment
Thymus No No No
Thyroid No No No
White blood cells No No No
T21 blood cells No No No
Normal control blood cells No No No

*The first exon junction (E1-E2), detected in placenta and testis, is the same of the first
exon junctions found in KCNJ6-202 and in the other DSCR4 isoforms.
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The entire KCNJ6-202 transcript, amplified by primer pairs on
E1b-E4 (see Supplementary Table S2), was detected in brain,
cerebellum, and placenta (see Figure 3). We obtained part of the
transcript in a few tissues (for more details see Supplementary
Table S8b). Sanger sequencing in placenta confirmed PCR
results. The sequence exactly between primer pair has been
deposited in NCBI GenBank under the accession number
OK050111 (https://www.ncbi.nlm.nih.gov/nuccore/OK050111).

The entireDSCR4-201 transcript, amplified by primer pairs on
E1-E3 (see Supplementary Table S2), was detected in
brain, placenta, testis, and thyroid (Figure 4; Supplementary
Table S8c). Sanger sequencing in thyroid confirmed PCR results.

TABLE 6 | Summary results of DSCR4-203 expression by SRA-BLAST analysis.
The results of alignments between the query sequences derived fromDSCR4-
203 and the reads generated by RNA-Seq experiments were reported in this table
for each tissue. Only alignments with at least 95% of query cover and 97% of
identity were considered as significant and reported in the table.

DSCR4-203

Tissue Expression

E1-E2 E2-E3 E3-E4 E4-E5 E5-E6

Adrenal Gland No No No No No
Brain No No No No No
Cerebellum No No No No No
Cerebral cortex No No No No No
Heart No No No No No
Liver No No No No No
Placenta 17 alignments* No No No No
Skeletal muscle No No No No No
Skin No No No No No
Testis 33 alignments* No No No No
Thymus No No No No No
Thyroid No No No No No
White blood cells No No No No No
T21 blood cells No No No No No
Normal control blood cells No No No No No

*The first exon junction (E1-E2), detected in placenta and testis, is the same of the first
exon junctions found in KCNJ6-202 and in the other DSCR4 isoforms.

FIGURE 2 | Gel electrophoresis picture of the entire KCNJ6-201
transcript amplified by primer pairs on E1-E4 (1,167 bp). The marker (lane
M) used for the lecture was 1 µL of GeneRuler DNA ladder Mix
(ThermoFisher Scientific). Five µL of PCR products were loaded in the
following lanes: adrenal gland (lane 1), brain (lane 2), cerebellum (lane 3),
cerebral cortex (lane 4), heart (lane 5), placenta (lane 6), skeletal muscle (lane
7), thymus (lane 8), thyroid (lane 9), T21 fibroblast (lane 10), and normal
control fibroblast (lane 11).

FIGURE 3 | Gel electrophoresis picture of the entire KCNJ6-202
transcript amplified by primer pairs on E1b-E4 (1,244 bp). The marker (lane M)
used for the lecture was 1 µL of GeneRuler DNA ladder Mix (ThermoFisher
Scientific). Five µL of PCR products were loaded in the following lanes:
brain (lane 1), cerebellum (lane 2), and placenta (lane 3).

FIGURE 4 | Gel electrophoresis picture of the entire DSCR4-201
transcript amplified by primer pairs on E1-E3 (215 bp). The marker (lane M)
used for the lecture was 1 µL of GeneRuler DNA ladder Mix (ThermoFisher
Scientific). Five µL of PCR products were loaded in the following lanes:
brain (lane 1), placenta (lane 2), testis (lane 3), and thyroid (lane 4).
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The entire DSCR4-202 transcript was not detected in any
tissues (see Supplementary Table S8d), but was detected the
expression of E3-E4 (located in the HR-DSCR) in placenta and
testis confirmed by Sanger sequencing in both tissues (see
Figure 5). The sequence exactly between primer pair has been
deposited in NCBI GenBank under the accession number
OK318455 (https://www.ncbi.nlm.nih.gov/nuccore/OK318455).

The entire or partial DSCR4-203 transcript was not detected in
any tissues (see Supplementary Table S8e).

4 DISCUSSION

HR-DSCR is the minimal region of Hsa21 shared by all subjects
with PT21 and a confirmed diagnosis of DS. It is described as an
intergenic region, but its link with the typical DS symptoms
suggests that it could contain active loci. In this work, starting
from HR-DSCR limits designed by Pelleri and coll. (Pelleri et al.,
2016), Ensembl Genome Browser was consulted in order to
investigate the presence of transcripts annotated in this region.

KCNJ6-201 and DSCR4-201 are validated transcripts and are
deposited on the NCBI Gene database, even if the role of DSCR4-
201 is not yet well characterized. In this work, the computational
and molecular analyses confirmed the gene expression profile
reported in NCBI Gene database and through an enlarged panel
of tissues we enriched the knowledge on their tissue specificity
(see Figures 2, 4).

For the first time we performed the in vitro characterization
of KCNJ6-202, DSCR4-202, and DSCR4-203 transcripts,
automatically annotated in Ensembl Genome Browser from
massive RNA-Seq data.

The entire KCNJ6-202 transcript was detected in brain,
cerebellum, and placenta, while the entire DSCR4-202 and
DSCR4-203 transcripts were not detected in any tissues. In
particular, a 177 bp amplicon was detected using a primer pair
based on exon 3 and exon 4 ofDSCR4-202 that was not connected
with its previous exons. DSCR4-203 was not detected by either
computational and molecular analyses.

All the transcripts were visible on agarose gel after 45 cycles of
PCR and only in specific tissues. These characteristics are typical
of lncRNA, which follow a specific timing and tissue expression
pattern, and have a key role in cell differentiation, organogenesis,
and tissue homeostasis (Schmitz et al., 2016).

LncRNAs can interact with DNA and RNA molecules,
transcription factors, and they participate in various biological
processes such as DNA methylation, histone modification,
chromatin remodeling, up-regulation or down-regulation of
target genes (Li et al., 2016; Kaikkonen and Adelman, 2018). All
DSCR4 isoforms are annotated as lncRNA in Ensembl database and
HR-DSCR could contain regulatory RNA elements in its genomic
locus. Instead, KCNJ6-202 function is associated to KCNJ6-201
because it is thought that they code for the same protein.

Interestingly, DSCR4-202 has the third and fourth exons in the
HR-DSCR (see Figure 1), while KCNJ6-202 includes HR-DSCR
in a long intron between its second and third exon (see Figure 1).
9ecent studies on intronic sequences had detected a new class
of non-coding RNA (ncRNA), defined as stable intronic
sequence RNA (sisRNAs), which are not rapidly degraded
and could play a regulatory role as lncRNA (Chan and Pek,
2019). Thus, the HR-DSCR region should no longer be
considered a silent region because it is part of an active
locus where splicing occurs.

The organization of HR-DSCR is extremely complex and was
conserved during the evolution of the Hominidae family,
highlighting a role in the development of higher brain function
(Saber et al., 2016). Recently, wild-type DSCR4 was overexpressed
in human non-cancerous cells and differential gene expression
analysis was performed to measure the consequences on the cell
transcriptome. The results suggested that DSCR4 could have a role
in the regulation of interconnected biological pathways related to
cell migration, coagulation and immune system consistent with
well-known pathways affected in subjects with DS (Saber et al.,
2021) and confirming the complexity of its gene function.

In order to understand the function of this region it is
necessary to define the function of the transcripts included in
it. Further studies are necessary to characterize the organization
of the HR-DSCR locus and of the KCNJ6-202 and DSCR4-202

FIGURE 5 | Gel electrophoresis picture of the partial DSCR4-202
transcript amplified by primer pairs on E3-E4 (177 bp). The marker (lane M)
used for the lecture was 1 µL of GeneRuler DNA ladder Mix (ThermoFisher
Scientific). Five µL of PCR products were loaded in the following lanes:
placenta (lane 1) and testis (lane 2).
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transcripts that intersect it and to clarify their properties and
function in the tissues analyzed.

Due to the particular structure of the HR-DSCR, which is unique
to theHominidae family, we suggest avoiding the use of mouse as a
model organism to test the effects of overexpression of the
transcripts crossing the HR-DSCR. Actually, it may be difficult
to make assumptions about complex loci across different species.
This topic is exemplified by another gene located on Hsa21 named
DSCAMwhich can produce only a few splicing isoforms in humans,
while it has the potential to produce 38,016 isoforms in Drosophila
melanogaster, contributing to the formation of complex patterns of
neuronal connections (Wojtowicz et al., 2004). Aside from the
considerations regarding conservation of function of complex loci
across different species, other limitations for the use of mouse as a
model organism for DS should be considered (Pelleri et al., 2016;
Strippoli et al., 2019), such as differences in the content of
homologous genes between trisomy 21 in humans and trisomy
ofmouse chromosome 16 in the case of themost usedmurine strain
(Ts65Dn) (Davisson et al., 1990) and more generally the lack of
superior cognitive functions like language and abstract thinking in
mice that are the main markers of ID in DS.

In conclusion, this study confirms the importance of a
systematic and thorough analysis of apparently silent regions
of the human genome. In particular, the strict association
between HR-DSCR and diagnosis of DS deriving from clinical
data suggests the need for an intensive study of this region to
understand the genotype-phenotype relationship in DS and to
identify targets for a rational treatment of the ID associated to DS.
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