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Induced pluripotent stem cells (iPSCs) from patients are an attractive disease model to
study tissues with poor accessibility such as the brain. Using this approach, we and others
have shown that trisomy 21 results in genome-wide transcriptional dysregulations. The
effects of loss of genes on chromosome 21 is much less characterized. Here, we use
patient-derived neural cells from an individual with neurodevelopmental delay and a ring
chromosome 21 with two deletions spanning 3.8 Mb at the terminal end of 21q22.3,
containing 60 protein-coding genes. To investigate the molecular perturbations of the
partial monosomy on neural cells, we established patient-derived iPSCs from fibroblasts
retaining the ring chromosome 21, and we then induced iPSCs into neuroepithelial stem
cells. RNA-Seq analysis of NESCs with the ring chromosome revealed downregulation of
18 genes within the deleted region together with global transcriptomic dysregulations
when compared to euploid NESCs. Since the deletions on chromosome 21 represent a
genetic “contrary” to trisomy of the corresponding region, we further compared the
dysregulated transcriptomic profile in with that of two NESC lines with trisomy 21. The
analysis revealed opposed expression changes for 23 genes on chromosome 21 as well
as 149 non-chromosome 21 genes. Taken together, our results bring insights into the
effects on the global and chromosome 21 specific gene expression from a partial
monosomy of chromosome 21qter during early neuronal differentiation.
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INTRODUCTION

Chromosome 21 is the smallest human chromosome including only 237 protein-coding genes
(GRCh38/hg38). Although trisomy 21 (i.e. Down Syndrome; MIM #190685) is the most commonly
seen chromosomal abnormality, occurring in 0.152% of live births (Moorthie et al., 2018),
monosomy of chromosome 21 is not compatible with life (Schinzel, 1976; Burgess et al., 2014).
In rare cases however, partial deletions of chromosome 21 have been reported (Lindstrand et al.,
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2010), and similar to patients with trisomy 21 (Wu et al., 2014),
developmental delay, delayed motor function, and developmental
heart defects are common clinical symptoms in such individuals.
The clinical presentation associated with a partial monosomy will
depend on the size and location of the deletion and the specific
genes involved. When deletions are located close to or within the
subtelomeric regions, the chromosomes may become unstable
promoting rescue through chromatin fusions leading to
chromosomal circularization and the formation of a ring
chromosome.

Ring chromosomes are reported to spontaneously occur at a
rate of 1:50,000 in newborn children (Jacobs et al., 1975) and
frequently include additional structural genomic variants such as
telomeric deletions, inversions or duplications (Nikitina et al.,
2021). Though there is a wide phenotypic spectrum, ranging from
completely healthy to severe pediatric diseases, the hallmark
features of a proband carrying ring chromosomes, sometimes
referred to as ring-syndrome, include a variable degree of growth
failure, intellectual disability and developmental delay (Rossi
et al., 2008; Yip, 2015; Nikitina et al., 2021). Furthermore, the
phenotypic consequences of a specific ring chromosome may
vary due to the unstable nature of the rearranged chromosome
leading to additional genomic aberrations (Kosztolányi, 1987).
The exact clinical presentation of the carriers will therefore
depend on the combination of loss or gain of genes and the
dynamics of the ring chromosome structure.

RNA-Seq is an excellent method to study genome-wide
expression changes and to bring insights into complex
dysregulations caused by structural variations (Cummings et al.,
2017). However, many genes are not expressed in every tissue, is it
therefore important to investigate expression in disease-relevant
cells. This is particularly problematic for genes expressed in
neural tissue since access to post-mortem brain biopsies is
limited. Moreover, easier accessible tissues such as blood or
fibroblasts have transcriptomic profiles that cannot be translated
to that of neural cells (Aicher et al., 2020). To overcome this obstacle,
somatic cells may be reprogrammed into induced pluripotent stem
cells (iPSCs) to regain a pluripotent state followed by differentiation
into neuronal cell types (D’Antonio et al., 2018). In any RNA-Seq
experiments, the data will only contain transcripts from expressed
genes. In consequence, relevant expression changes will be missed if
an unsuitable cell type is used (Aicher et al., 2020).

In the present study, we used iPSC-derived neuroepithelial
stem cells (NESCs) to model early neural development in a
clinical case with neurodevelopmental delay and a partial
monosomy of chromosome 21. We analyzed transcriptome
profile in NESCs with ring chromosome 21 together with that
in corresponding euploid cells and cells with a full trisomy 21.We
present here the genome-wide effects caused bymonosomy for 60
genes on chromosome 21qter.

MATERIAL AND METHODS

Ethical Statement
All studies were approved by the local ethical boards in
Stockholm, Sweden (Genomic studies, Dnr 2012/2106-31/4

and cellular studies, Dnr 2016/430-31) and written informed
consent was obtained.

Human Subjects and Study Design
Patient RD_P26 was born as the second child to healthy non-
consanguineous parents of Swedish origin. She was born at term,
the pregnancy was uneventful, but an extra ultrasound was
executed due to suspicion of poor growth. Birth weight was
2780 g (−2 SD) and birth length 48 cm (−1 SD), head
circumference 32 cm. The girl was first referred for genetic
investigation at age 2 years and 7 months due to hemifacial
microsomia, feeding problems, speech delay, postnatal growth
delay (−2 SD for both length and weight) and a preauricular
appendage on the right ear. Clinical follow up at age nine revealed
a normal cognitive level, persistent impressive and expressive
speech delay, severe feeding difficulties that required PEG until
age 6. Persistent postnatal growth delay (body length 125 cm,
body weight 20 kg). Facial features showed a triangular face with
mild hemifacial microsomia. Both vision and hearing were
normal. Ultrasound of the heart revealed a structurally normal
heart with a minor aorta insufficiency.

Two previously reported NESC lines (DS1 and DS2) (Sobol
et al., 2019), both with a full trisomy 21 as well as the euploid
NESC lines CTRL 7 (Kele et al., 2016; Lam et al., 2019), CTRL9
(Uhlin et al., 2017; Lundin et al., 2018) and CTRL11 generated
from healthy donors (one female, two males), were included in
our study (Supplementary Table S1).

Array Comparative Genomic Hybridization
Analysis
A 4 × 180K custom oligonucleotide microarray was used for array
comparative genomic hybridization (aCGH) performed on
peripheral blood (AMADID:03103, Oxford Gene Technology,
Begbroke, Oxfordshire, United Kingdom) as previously described
(Lindstrand et al., 2019). The probes were targeted genome-wide
with a median probe space of 18 kb excluding telomeric and
centromeric regions. Controls consisted of sex-matched healthy
donors. Findings were grouped by ACMG (Riggs et al., 2020) and
compared to DECIPHER (Firth et al., 2009) and the Online
Mendelian Inheritance in Man database (Online Mendelian
Inheritance in Man, OMIM, 2020).

Fluorescence in situ Hybridization
Fluorescence in situ hybridization (FISH) was performed
following a standard protocol on cultures derived from
peripheral blood (Lindstrand et al., 2010). Four BAC probes
targeting 21q22.2 and 21q22.3 were used for labelling
(coordinates for GRCh38/hg38): RP11-446L19-SO (21:
42,816,935-43,130,340) and RP11-619i15-SO (21:42,221,275-
42,410,371), RP11-53E17-SG (21: 43,477,579-43,653,469) and
RP11-114H1-SO (21:40,817,025-40,979,068).

Karyotyping
NESCs, iPSCs and cells from peripheral blood were cultured for
karyotyping according to standardized protocol. The passage
number for cells did not exceed 30. The chromosome analysis
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of the metaphase slides was performed after G-banding
demonstrating a resolution of 550 bands per haploid genome.
Results were based on a minimum of 25 mitosis per patient.

Immunocytochemistry
The cells were fixed and stained according to protocol (Kele et al.,
2016). Briefly, fixation was performed in 4% PFA for 10 min,
blocked in 10% bovine serum/0.2% Triton/PBS for 1 h before the
primary antibody was applied diluted 1:200 in blocking buffer at
4°C overnight. Primary antibodies: Oct-4A-rabbit (Cell Signaling
technology, #2840), Nanog-rabbit (Cell Signaling technology,
#4903), SOX2-rabbit (Sigma-Aldrich, #AB5603), E-Cadherin-
mouse (BD BioSciences, #610181), PLZF-rabbit (Thermofisher
Scientific, #PA5-29213) and Nestin-mouse (Merck, MAB5326).
All secondary antibodies were diluted in PBS in 1:500 using
blocking buffer. Secondary antibodies: Goat anti-mouse-
Cyanine3 (Thermofisher Scientific, #M30010), Donkey anti-
rabbit-Alexa fluor 488 (Thermofisher Scientific, #A-21206).
Nuclei were stained with DAPI (Life Technologies, #D1306),
diluted 1:5,000 in PBS for 30 min. Image acquisition was
performed on a Axioskop 2 (Zeiss) and software Axiovision
version 4.8.

Generation of iPSC and NESC Lines
Skin biopsies were taken (all samples included in
Supplementary Table S1) and fibroblast cultures were
established following an enzymatic digestion protocol.
Fibroblasts were reprogrammed to iPSCs with a non-
integrating method described previously (Shahsavani et al.,
2018). In brief, 0.1 × 106 fibroblasts were reprogrammed by
the overexpression of OCT4, SOX2, C-MYC and KLF4 using
Sendai viruses and cultured in Essential 8™ medium (Gibco).
After 7 days, transduced cells were replated on Laminin-521 and
emerging colonies were manually picked after 13 more days.
Each colony was cultured onto a Lamin-521 coated plate and
passage every 3–5 days by TrypLE-Select. Derived iPSC lines
were checked for pluripotency markers OCT4 and NANOG.

The iPSC colonies were neurally induced to capture
neuroepithelial stem cells (NESCs) (Falk et al., 2012). Briefly,
neural induction was achieved by culturing the iPSCs in 0.5 ng/ml
hNoggin and 3.3 µM CHIR99021 until day 10. The medium was
supplemented with 10 µM SB431542 until day 4. The cells were
replated at 40,000 cells/cm2 onto 0.1 mg poly-L-ornithine 1 μg/ml
laminin L2020–coated plates in medium containing Dulbecco
modified eagle medium/F-12 GlutaMAX, 1% N2, 0.1% B27,
10 ng/ml FGF2, 10 ng/ml EGF, and 1% Pen/Strep. NESCs were
grown in a rosette-like morphology and stained positive for the
neural stem cell markers SOX2 and NESTIN. Generated NESC
lines were then cultured for several passages (>6) to ensure a
homogenous culture without undesired cell types before cells
were collected with TrypL-Express and harvested for DNA (DNA
extraction: DNeasy Blood and Tissue Kit, QIAGEN, protocol
2016) or RNA (RNA extraction: Qiagen AllPrep DNA/RNAmini
kit). All iPSC and NESC lines were created at the iPS Core facility
at Karolinska Institutet Stockholm, Sweden.

All six NESC lines in the study such as RD_P26, with a ring
chromosome 21, DS1 and DS2 lines with a full trisomy 21 (Sobol

et al., 2019), and the euploid “control” NESC lines CTRL 7, 9 and
11 were cultured under similar conditions.

RNA Analysis and Gene Expression
RNA-Seq was performed in technical triplicates on total mRNA
from each of the six NESC lines at the National Genomics
Infrastructure (NGI) in Stockholm using the Illumina TrueSeq
Stranded mRNA kit; the resulting libraries were sequenced on the
Nova-Seq 6000 platform, resulting in roughly 25M 2X150 bp
reads per donor. Read sequences were used for transcriptome
assembly. Derived data was stored in the FASTQ format in the
UPPMAX compute infrastructure in Uppsala. For expression
analysis, the FASTQ files were used as input for the bioinformatic
tool Salmon V1.1.0 (Patro et al., 2017). It reads the FASTQ file,
then estimates transcript-level abundance and returns a salmon
file with information for each transcript found. Gene expression
changes were calculated from the generated salmon files with an
in-house R pipeline (github.com/jakschuy/RNASeq), based on
the DeSeq2 R Script (Love et al., 2014). The required tx2gene list
was derived from Gencode GRCh38.p13/hg38, release 36
(Frankish et al., 2019). All calculations in R were performed
with R V4.0.3 in R Studios V1.2.5033. Gene annotations are
extracted from BioMart - Ensembl for gene annotation (Kinsella
et al., 2011).

Genes were defined as differentially expressed when fold-
change exceeded ±25% when compared to the expression in
euploid lines. The statistical approach in RNA-Seq analysis is
inherited from the DeSeq2 package V1.26.0 (Love et al., 2014). In
brief, the calculation for test significance is performed with the
Wald test followed by a p-value correction with the Benjamini-
Hochberg adjustment. The therewith derived adjusted p-value is
filtered by a default cut-off of 0.1, representing the commonly
used and accepted false discovery rate (FDR) of 10%. However,
due to the small number of biological replicates in our study we
narrowed the cut-off to 5%, filtering the adjusted p-value at 0.05.
The result was further filtered against a base mean value below 5.

Permutation tests were performed on the output of DeSeq2 of
line RD_P26 with n � 1,000. Subsequently, each permutation case
data was processed equally to RD_P26-derived data regarding
filtering and thresholds.

To analyze allele specific expression, the FASTQ file was
processed by GATKs best practices for RNA-Seq. The data
from the VCF file were filtered for high quality findings by
excluding indels and entries with read counts representing
coverage below 50. Applied R packages: tidyverse V1.3.0,
cowplot 1.0.0, dplyr V1.0.5, purrr V0.3.3, ggrepel 0.8.1 and
ggplot2 V3.3.3 (R script: github.com/jakschuy/RNASeq).

RESULTS

Establishing a NESC Model From
Patient-Derived iPSCs
To establish an in vitro cellular model for our continued studies,
we obtained a skin biopsy from the patient (RD_P26). A
fibroblast cell culture was established and subjected to
reprogramming into iPSC using a non-integrating method
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FIGURE 1 |Generation of a patient specific cellular model and characterization of iPSC and NESC lines of RD_P26 (A) Fibroblasts are extracted from the donor and
reprogrammed via overexpression of the transcription factorOCT4, SOX2, C-MYC and KLF4 delivered Sendai virus vectors. After 28 days, iPSCs were neurally induced
by supplementing the growth medium with hNoggin, CHIR99021 and SB431542. After 10 days post-induction rosette-like structures are observed (B) Patient iPSCs
(RD_P26) used in this study expressing pluripotency markers E-Cadherin, OCT4 and NANOG (C) The iPSCs are neurally induced and give rise to neuroepithelial
stem cells (NESCs) expressing neural specific markers NESTIN, SOX2 and PLZF. Nuclei are stained with DAPI. Scale bar 50 µm (D, E) The patient cell lines were
karyotyped showing an abnormal chromosome 21 in iPSCs (D) and NESCs (E).
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FIGURE 2 | Cytogenetic findings revealing distal deletions on chromosome 21q (A) The 21qter deletions (blue) were found using array comparative genomic
hybridization and visible due to the hemizygous detection level (red) (B) Fluorescent in-situ hybridization using probes within deletion one and 2 (red) and outside of
deleted areas (green). Regions of interest are shown in higher magnification (C) Two probes (red, green) were used to confirm the homozygous state of distal regions on
chromosome 21q in the maternal (left) and paternal (right) cell lines coming from peripheral blood. The probes used are identical with the ones in panel B and
hybridize with a region in 21q22.3 (red) and 21q:22.2 (green).
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FIGURE 3 | RNA-Seq of NESCs in RD_P26 reveals downregulated genes on chr21q (A) Graphical representation of chromosome 21 based on the human
reference genome GRCh38/hg38, marked for the two deletions on chr21q (dashed) (B) Gene expression in RD_P26 of protein-coding genes on chromosome 21.
Genes are colored according to their location in deletion 1 (red), deletion 2 (green) as well as the 1 Mb vicinity close to the SVs. Non-protein-coding genes are included
(pale dots). The five highest and five lowest expressed genes are labelled (C)Gene expression in RD_P26, zoomed in on the distal region of chromosome 21. Color
coding as in panel B. All protein-coding genes located in the deletions and close proximity are labelled (D) Top ten findings of the pathway analysis for differential
expressed genes in RD_P26. Pathways related to brain tissue are marked in bold. Complete list can be found in Supplementary Table S3.
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(Figure 1A). The iPSCs stained positive for the pluripotency
markers NANOG, OCT4 and E-CAD (Figure 1B) and
subsequently induced to NESCs as described (Falk et al.,
2012). The NESCs showed a rosette-like morphology and
stained positive for the neural stem cell markers NESTIN,
SOX2, and PLZF (Figure 1C). Proliferation, expansion, and
growth pattern of NESCs from RD_P26 were compared to
that of euploid NESCs and of the two independent NESC lines
with trisomy 21 (Kele et al., 2016; Uhlin et al., 2017; Lundin et al.,
2018; Lam et al., 2019; Sobol et al., 2019) showing similar viability
(data not shown). Karyotypes of patient-derived iPSC and NESC
lines showed a retained ring chromosome 21 (Figure 1D,E). The
characterization of sample CTRL11 of iPSCs and NESCs is
provided in Supplementary Figure S1A,B, respectively.

Molecular Cytogenic Studies
Array comparative genomic hybridization (aCGH) performed on
RD_P26 using DNA from blood demonstrated two terminal
deletions on chromosome 21q22.3 (21:41,994,799-43,447,106;
21:44,361,567-46,944,323) (Figure 2A). Fluorescence in situ
hybridization (FISH) analysis on metaphase chromosomes
from blood using probes located adjacent to and within the
respective locations confirmed the presence of both deletions
and the finding from the karyotyping showing the presence of a
ring chromosome 21 (Figure 2B). FISH of parents showed
normal diagrams (Figure 2C).

RNA-Seq Data Shows Downregulation for
Genes Within Deleted Regions
RNA-Seq data was performed on bulk RNA from proliferating
NESCs from RD_P26 with a ring chromosome 21 and three
euploid control lines. The gene expression data was computed
with DeSeq2. Genes with expression deviating more than 25% in
RD_P26 when compared to expression in euploid NESCs were
grouped as differentially expressed genes (DEGs).

After quality filtering, the RNA-Seq data contained
14,246 protein-coding genes, 71% of all 20,093 protein-coding
genes in GRCh38/hg38. Of those, 1951 (13.7%) genes were
differently expressed (Supplementary Figure S2A, raw data in
Supplementary Table S2). Notably, genes belonging to the HOX
gene clusters A and B on chromosomes 7 and 17, respectively
were upregulated between 26 and 2204-fold (median � 199-fold)
in RD_P26. On chromosome 21, the RNA-Seq data detected 141
genes of the 237 protein-coding genes and 28% (40/141) were
differently expressed when compared to the transcriptomes of
euploid NESCs (Figures 3A,B). Among the 31 expressed genes in
NESCs located in the two deleted regions of the ring
chromosome, 18 were downregulated in RD_P26 (Figure 3C).
Notably, three genes outside of the deletions (JAM2, ADAMTS1,
and ETS2) and within the Down syndrome critical region (DSCR)
(Mowery et al., 2018) were downregulated in RD_P26 NESCs
when compared to euploid NESCs.

We next sought to investigate the relative expression levels
of genes from the ring chromosome and the non-deleted
homologue in RD_P26 NESCs. To this end, we used the
RNA-Seq data to identify high quality heterozygous SNVs

in transcripts from chromosome 21. We identified 107 such
SNVs on the ring chromosome outside the SVs. All
heterozygous SNVs had an expected fraction at around 0.5
suggesting similar expression levels of genes from the ring
chromosome and the non-deleted homologue
(Supplementary Figure S3).

Panther Pathway Analysis for Genome-wide
Expression Pattern
We then analyzed the genome-wideDEGs (n� 1951) for enrichment
in GO biological process using Panther pathway analysis (Mi et al.,
2019). After filtering against an FDR >0.001, we derived a list of 296
pathways with a fold enrichment ranging from 0.06 to 4.8, median �
1.9 (Supplementary Table S3). Upon the highest ranked groups,
there were “autonomic nervous system development”, GO:0048483,
4.4-fold; “positive regulation of axonogenesis”, GO:0050772, 3.7-fold;
“stem cell proliferation”, GO:0072089, 3.7-fold; and “nerve
development”, GO:0021675, 3.5-fold (Figure 3D). Pathways
analyses, conducted on DEGs from either chromosome 21 or
deleted regions alone, did not result in any significant finding.

Gene Expression of Ring Chromosome
Mirrors Trisomy 21
Trisomy for chromosome 21 is associated with global
transcriptomic changes. Since trisomy 21 represents the
genetic contrary to monosomy 21, we therefore sought to
compare the global transcriptional changes in RD_P26 NESCs
with that in the trisomic DS1 and DS2 NESCs. To this end, we
first generated RNA-Seq data from the NESC lines DS1 and DS2
(Sobol et al., 2019). The data was merged (DSm) to eliminate
variations from each of the biological replicate, fed into DeSeq2
and compared to the RNA-Seq data generated from euploid
NESCs using the same pipeline as for the analysis of RD_P26.
The analysis revealed 14.4% DEGs (2049 of 14181)
(Supplementary Figure S2B, raw data in Supplementary
Table S4). The genome-wide expression data for individual
trisomy 21 NESC lines are given in Supplementary Tables
S5,6. Among all DEGs on chromosome 21, 84 out of 141
(59%) showed a relative upregulation in DSm (Figures 4A,B).
Furthermore, 27 Down Syndrome risk genes (Brodsky et al., 1997;
Peled-Kamar et al., 1998; Yamakawa et al., 1998; Chrast
et al., 2000; Barlow et al., 2001; Levanon et al., 2001; Bell
et al., 2003; Wolvetang et al., 2003; Martı´nez de Lagrán et al.,
2004; Rainis et al., 2005; Arron et al., 2006; Belichenko et al.,
2007; Sultan et al., 2007; Mullighan et al., 2009; Chakrabarti
et al., 2010; Perluigi and Butterfield, 2011; Wu et al., 2014;
Kazemi et al., 2016; Raveau et al., 2017; Mowery et al., 2018;
Valbuena et al., 2019) reported in the literature both outside and
inside of the DSCR (Supplementary Table S7) were all
upregulated in DSm as well as of 19 out of the 31 expressed
genes (61%) located within the deleted regions in RD_P26
(Supplementary Table S8). We observed differential gene
expression in both RD_P26 and DSm for JAM2, ADAMTS1,
SOD1, ITSN1, ETS2 and PTTG1IP. Of those, only PTTG1IP is
deleted in RD_P26.

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 12 | Article 8036837

Schuy et al. RNA-Seq of Partial Monosomy 21

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


FIGURE 4 | Partial monosomy 21 acts as transcriptomic mirror to trisomy 21 (A) Reference genome GRCh38/hg38 shown with G-bands (green), telomeres
(yellow) and deletions fromRD_P26 (dashed line) (B)Gene expression of the trisomy 21 sample DSm on chromosome 21. Shown genes are significantly and differentially
(±25%) expressed. Genes related to Down Syndrome (Supplementary Table S7) are labelled. Deletions (red, green) and 1 Mb vicinity (blue) of RD_P26 are shown as
color sections (C) Gene expression of significantly and differentially expressed genes grouped for DSm (triangles) and RD_P26 (circles). Genes were marked for
protein-coding + mirrored (satiated color), non-coding genes (gray) and not-shared among the two samples (transparent). Only genes within the two deletions are

(Continued )
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Next, we compared the transcriptional dysregulations in DSm
NESCs with those in RD_P26 NESCs. We focused on genes with
differential expression in both RD_P26 and DSm (Figure 4C, raw
data in Supplementary Table S9). The analysis revealed an overlap of
486 DEGs of which 172 showed an opposite expression pattern in
RD_P26 andDSm relative to euploid NESCs. The number represents
8.8% (172 of 1951) of all differentially expressed genes in RD_P26. A
similar and opposite expression pattern was observed for 58% of the
DEGs on chromosome 21 (23 of 40) and of 74% of genes (14 of 18)
deleted on the ring chromosome (Figure 4D; Table 1). When
excluding the 18 genes within the deletions, 7.8% of all genes (154
of 1951) showed opposite expression pattern in DSm vs RD_P26
relative euploid NESCs (Permutation tests, n � 1,000, meanmirrored
fraction � 0.069, std. error <0.0001, p � 0.0011). These data suggest a
global effect on transcription caused by the deleted regions on
chromosome 21 that to a large extent opposes to the
transcriptional dysregulation caused by trisomy for chromosome 21.

DISCUSSION

The ring chromosome 21 reported here (patient RD_P26)
contains two deleted regions on chromosome 21qter resulting
in the heterozygous loss of 60 protein-coding genes. Based on our

established cellular model (Kvarnung et al., 2019; Sobol et al.,
2019), we generated patient-specific neural stem cells to utilize
whole transcriptome sequencing to delineate the impact on gene
expression of partial monosomy 21 compared to trisomy 21. The
patient had among other phenotypes a persistent impressive and
expressive speech delay, which is why we used a neural cell model
instead of only blood or fibroblasts. In this model, we show that
both deleted and non-deleted genes have a lower expression.
When focusing on the DEGs in NESCs with monosomy 21 and
trisomy 21, 172 genes were identified presenting an opposed
(“mirrored”) transcriptional pattern among a total set of 486
shared DEGs.

Reprogramming of somatic cells into iPSCs opens up new
opportunities for understanding cellular disease mechanisms
(Zakrzewski et al., 2019). While genomic changes detected in
DNA are stable in different cell types, gene expression data are
highly variable between tissues (Gonorazky et al., 2019) and to
investigate the brain specific cells, a neural cell model such as
NESCs, is needed.

Prior studies have shown that trisomy 21 impacts the gene
expression levels on both chromosome 21 and genome-wide
(Lockstone et al., 2007; Sobol et al., 2019). The transcriptome
data generated from NESCs retaining the ring chromosome 21
provides a unique opportunity to understand howmonosomy for

TABLE 1 | Expression of mirrored genes on chromosome 21 (RD_P26 compared to DSm). Genes were filtered for significantly differential expression andmarked if related to
Down Syndrome (bold, unfiltered list in Supplementary Table S7) and hemizygous in RD_P26 (underlined, unfiltered list in Supplementary Table S9).

Gene Name Start coord.
Chr21 (hg38)

RD_P26 DSm

Fold Change
(log2)

Fold Change
(Linear)

p-value (Bonferroni
corrected)

Fold Change
(log2)

Fold Change
(Linear)

p-value (Bonferroni
corrected)

MRPL39 25,585,656 −0.59 0.67 <0.001 0.63 1.55 <0.001
JAM2 25,639,258 −0.42 0.75 0.011 0.36 1.29 0.017
CYYR1 26,466,209 −0.80 0.57 0.043 0.43 1.34 <0.001
ADAMTS1 26,835,755 −1.02 0.49 0.002 1.02 2.03 <0.001
SCAF4 31,671,000 −0.47 0.72 <0.001 0.50 1.41 <0.001
ETS2 38,805,183 −0.90 0.54 0.003 0.94 1.92 <0.001
BACE2 41,167,801 −2.88 0.14 <0.001 0.78 1.72 <0.001
PDE9A 42,653,621 −2.38 0.19 <0.001 0.87 1.83 <0.001
WDR4 42,843,094 −1.50 0.35 <0.001 1.04 2.06 <0.001
CSTB 43,772,511 −0.67 0.63 <0.001 0.49 1.41 0.006
RRP1 43,789,513 −0.48 0.72 0.007 0.92 1.89 <0.001
LRRC3 44,455,510 −1.28 0.41 <0.001 1.09 2.12 <0.001
UBE2G2 44,768,580 −1.58 0.34 <0.001 1.09 2.13 <0.001
SUMO3 44,805,617 −1.56 0.34 <0.001 1.30 2.46 <0.001
PTTG1IP 44,849,585 −1.13 0.46 <0.001 0.63 1.54 <0.001
FAM207A 44,940,012 −1.37 0.39 0.001 0.56 1.47 0.013
ADARB1 45,073,853 −1.73 0.30 <0.001 1.22 2.33 <0.001
LSS 46,188,141 −1.16 0.45 <0.001 0.66 1.58 0.024
MCM3AP 46,235,133 −0.91 0.53 <0.001 0.48 1.40 0.044
YBEY 46,286,342 −0.91 0.53 <0.001 0.91 1.88 <0.001
C21orf58 46,300,181 −1.04 0.49 <0.001 0.75 1.69 <0.001
PCNT 46,324,141 −1.41 0.38 <0.001 0.77 1.71 <0.001
PRMT2 46,635,595 −0.76 0.59 <0.001 1.15 2.22 <0.001

FIGURE 4 | labelled with the respective gene names. Note that all mirrored genes of DSm and RD_P26 are all upregulated and downregulated, respectively, and
therefore locate above and below the limit for differential expression (±25%) (D) Venn diagrams providing numbers for significantly and differentially expressed (left) genes
in RD_P26 (red) and DSm (green) and mirrored expression (right) for shared genes, displayed for genome-wide, chromosome 21 and the two deletions. The size of
circles is not to scale.
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one third of genes on chromosome 21 affects transcriptional
changes during early neurogenesis.

We found that among 18 differentially expressed genes in the
deleted regions, 14 have a “mirrored” expression profile in
RD_P26 (downregulated) vs trisomic lines (upregulated). Two
protein-coding genes, COL6A2 and NDUFV3, are not
differentially expressed despite being located in the deleted
region. However, both genes are lower expressed compared to
controls and it is not possible to conclude that the hemizygous
expression is upregulated to compensate for the heterozygous
loss. Of the 18 DEGs in the deleted regions, eight genes are
reported with loss of function mutations without any phenotypic
association (Supplementary Table S10) and homozygous
deletions vary from no phenotype to lethal. Taken together,
available data do not support that haploinsufficiency of any of
the deleted genes has a major and direct effect on the phenotype
of our case.

Our data revealed a genome-wide differential expression in
13.7% (1951 out of 14246) and 14.4% (2049 out of 14181) of genes
in NESCs with ring chromosome 21 (RD_P26) and Trisomy 21
(DSm), respectively. An opposite gene expression pattern, with
upregulation in DSm and downregulation in RD_P26 or vice
versa, was observed for 172 genes (8.8%) when comparing the
RD_P26 data to DSm. This finding highlights that “mirrored”
genomic copy number variation, i.e. monosomy versus trisomy,
have impacted the global gene expression. Our results may
however pinpoint specific genes and pathways in the Down
syndrome neuropathogenesis. However, it is important to
consider that trisomy 21 affects all 237 genes on chromosome
21, and that only 25% (60 of 237) of those are deleted in RD_P26.
Furthermore, only 25% (486 of 1951) of all differentially
expressed genes in RD_P26 are also differentially expressed in
DSm. It is therefore likely that the global transcriptomic changes
detected in our model may interfere with critical developmental
processes leading to the clinical features in our case.

One clear limitation of this study is that it examines only one
monosomy NESC line. However, as seen by our permutation
analysis, the number of mirrored genes in patient RD_P26 was
significantly higher than compared to a random distribution of
mirrored genes (7.8 vs. 6.9%, p � 0.0011). The same experimental
design, to compare the expression profile of an individual with partial
monosomy 21 to trisomy 21, could be scaled up. By performing
similar studies on other individuals with deletions of various parts of
chromosome 21 a complete map of transcriptional effects of
monosomy 21 might be constructed. Such an approach will also
show us which chromosome 21 genes are mirrored compared to
trisomy 21 as well as global effects of those genes.

In general, the use of NESCs as neural cell model is known to
be adequate featuring the reproducibility of results despite the
variability detected by RNA-Seq (Kvarnung et al., 2019; Sobol
et al., 2019). As an example, the overlap of differentially expressed
genes with our analysis of transcriptomes from trisomic NESCs is
only 8.6% (239 of 2049) (Sobol et al., 2019). This rather low
overlap is explained by the low number of individuals in our study
as well as by the differences in specific time points of extraction
leading to higher biological variability. The experimental setup
involving control cells as well as the data cleaning also plays an

important role. As a consequence, the overlap of DEGs from
different studies is not smaller than expected.

CONCLUSION

Wepresent herein a casewith neurodevelopmental delay, feeding and
growth problems, speech delay and hemifacial microsomia associated
with chromosome 21qter deletions caused by a ring chromosome 21.
Early neural development was modeled in subject-derived NESCs,
and RNA-Seq revealed global transcriptional changes associated with
the deletions. No single deleted gene was identified as a strong
candidate for any of the clinical features in our case and it is
likely that the neurodevelopmental phenotype is caused by a
combined effect of the 18 downregulated and deleted genes,
together with the genome-wide expression changes. Furthermore,
using RNA-Seq on patient-derived NESCs, we were able to pinpoint
genes with a genome-wide effect on gene expression that might
warrant further study. Follow up studies with more patients and with
different overlapping deletions or duplications on chromosome 21
may allow for a dissection of the gene regulatory network involving
chromosome 21.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: www.ncbi.nlm.nih.
gov/, GSE190053.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Swedish Ethical Review Authority
(Etikprövningsmyndigheten), in Stockholm, Sweden (Genomic
studies, Dnr 2012/2106-31/4 and cellular studies, Dnr 2016/430-
31). Written informed consent to participate in this study was
provided by the participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

Study design: JS, JE, AF and AL. Clinical data collection: MP, NS, MS
and ND. Stem cell experiments: JS, MS and MM. Bioinformatic
analysis: JS, JE andDN.Cell data analysis: JS, NS,MS andAL.Genetic
analysis: JS, JE, MP, NS, MS and AL. Data interpretation: JS, JE, AL
and AF. Figures, tables, graphics: JS. Manuscript writing: JS, MS, JE
and AL. Manuscript critical review: JS, JE, DN, MS, ND, AF and AL.
Manuscript supervision: AL, AF and MS.

FUNDING

AL: the Swedish Research Council (2017-02936 and 2019-02078);
the Stockholm Regional Council; the Strategic Research Program

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 12 | Article 80368310

Schuy et al. RNA-Seq of Partial Monosomy 21

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


in Neuroscience at Karolinska Institutet (StratNeuro) and the
Swedish Brain Foundation (FO 2020-0351). AF: the Swedish
Research Council (2019-01498), the Swedish Brain Foundation
(FO 2019-0246), the Swedish Foundation for Strategic Research
(IB13-0074). ND: Swedish Research Council (2020-01947) and
Hjärnfonden (FO 2020-0171).

ACKNOWLEDGMENTS

We thank the patients and their families for participating in this
study. We thank the iPS core facility at Karolinska institutet for

establishment of cell lines and technical support. We also thank
UPPMAX for the use of computer infrastructure resources under
SNIC projects sens2017106 and sens2017130.We thank the National
Genomics Infrastructure (NGI) Stockholm at Science for Life
Laboratory for providing assistance in massive parallel sequencing.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2021.803683/
full#supplementary-material

REFERENCES

Aicher, J. K., Jewell, P., Vaquero-Garcia, J., Barash, Y., and Bhoj, E. J. (2020).
Mapping RNA Splicing Variations in Clinically Accessible and Nonaccessible
Tissues to Facilitate Mendelian Disease Diagnosis Using RNA-Seq. Genet. Med.
22, 1181–1190. doi:10.1038/s41436-020-0780-y

Arron, J. R., Winslow, M. M., Polleri, A., Chang, C.-P., Wu, H., Gao, X., et al.
(2006). NFAT Dysregulation by Increased Dosage of DSCR1 and DYRK1A on
Chromosome 21. Nature 441, 595–600. doi:10.1038/nature04678

Barlow, G. M., Chen, X.-N., Shi, Z. Y., Lyons, G. E., Kurnit, D. M., Celle, L., et al.
(2001). Down Syndrome Congenital Heart Disease: A Narrowed Region and a
Candidate Gene. Genet. Med. 3, 91–101. doi:10.1097/00125817-200103000-
00002

Belichenko, P. V., Kleschevnikov, A. M., Salehi, A., Epstein, C. J., and Mobley, W.
C. (2007). Synaptic and Cognitive Abnormalities in Mouse Models of Down
Syndrome: Exploring Genotype-Phenotype Relationships. J. Comp. Neurol.
504, 329–345. doi:10.1002/cne.21433

Bell, K., Shokrian, D., Potenzieri, C., and Whitaker-Azmitia, P. M. (2003). Harm
Avoidance, Anxiety, and Response to Novelty in the Adolescent S-100β
Transgenic Mouse: Role of Serotonin and Relevance to Down Syndrome.
Neuropsychopharmacol 28, 1810–1816. doi:10.1038/sj.npp.1300242

Brodsky, G., Barnes, T., Bleskan, J., Becker, L., Cox, M., and Patterson, D. (1997).
The Human GARS-AIRS-GART Gene Encodes Two Proteins Which Are
Differentially Expressed during Human Brain Development and Temporally
Overexpressed in Cerebellum of Individuals With Down Syndrome.Hum. Mol.
Genet. 6, 2043–2050. doi:10.1093/hmg/6.12.2043

Burgess, T., Downie, L., Pertile, M. D., Francis, D., Glass, M., Nouri, S., et al. (2014).
Monosomy 21 Seen in Live Born Is Unlikely to Represent True Monosomy 21:
A Case Report and Review of the Literature. Case Rep. Genet. 2014, 1–6.
doi:10.1155/2014/965401

Chakrabarti, L., Best, T. K., Cramer, N. P., Carney, R. S. E., Isaac, J. T. R., Galdzicki,
Z., et al. (2010). Olig1 and Olig2 Triplication Causes Developmental Brain
Defects in Down Syndrome. Nat. Neurosci. 13, 927–934. doi:10.1038/nn.2600

Chrast, R., Scott, H. S., Madani, R., Huber, L., Wolfer, D. P., Prinz, M., et al. (2000).
Mice Trisomic for a Bacterial Artificial Chromosome with the Single-Minded 2
Gene (Sim2) Show Phenotypes Similar to Some of Those Present in the Partial
Trisomy 16 Mouse Models of Down Syndrome. Hum. Mol. Genet. 9,
1853–1864. doi:10.1093/hmg/9.12.1853

Cummings, B. B., Marshall, J. L., Tukiainen, T., Lek, M., Donkervoort, S., Foley, A.
R., et al. (2017). Improving Genetic Diagnosis in Mendelian Disease with
Transcriptome Sequencing. Sci. Transl. Med. 9, eaal5209. doi:10.1126/
scitranslmed.aal5209

D’Antonio, M., Benaglio, P., Jakubosky, D., Greenwald, W. W., Matsui, H.,
Donovan, M. K. R., et al. (2018). Insights into the Mutational Burden of
Human Induced Pluripotent Stem Cells from an Integrative Multi-Omics
Approach. Cel Rep. 24, 883–894. doi:10.1016/j.celrep.2018.06.091

Falk, A., Koch, P., Kesavan, J., Takashima, Y., Ladewig, J., Alexander, M., et al.
(2012). Capture of Neuroepithelial-like Stem Cells from Pluripotent Stem Cells
Provides a Versatile System for In Vitro Production of Human Neurons. PLOS
ONE 7, e29597. doi:10.1371/journal.pone.0029597

Firth, H. V., Richards, S. M., Bevan, A. P., Clayton, S., Corpas, M., Rajan, D., et al.
(2009). DECIPHER: Database of Chromosomal Imbalance and Phenotype in
Humans Using Ensembl Resources. Am. J. Hum. Genet. 84, 524–533.
doi:10.1016/j.ajhg.2009.03.010

Frankish, A., Diekhans, M., Ferreira, A.-M., Johnson, R., Jungreis, I., Loveland, J.,
et al. (2019). GENCODE Reference Annotation for the Human and Mouse
Genomes. Nucleic Acids Res. 47, D766–D773. doi:10.1093/nar/gky955

Gonorazky, H. D., Naumenko, S., Ramani, A. K., Nelakuditi, V., Mashouri, P.,
Wang, P., et al. (2019). Expanding the Boundaries of RNA Sequencing as a
Diagnostic Tool for Rare Mendelian Disease. Am. J. Hum. Genet. 104, 466–483.
doi:10.1016/j.ajhg.2019.01.012

Jacobs, P. A., Frackiewicz, A., Law, P., Hilditch, C. J., andMorton, N. E. (1975). The
Effect of Structural Aberrations of the Chromosomes on Reproductive Fitness
in Man. Clin. Genet. 8, 169–178. doi:10.1111/j.1399-0004.1975.tb01490.x

Kazemi, M., Salehi, M., and Kheirollahi, M. (2016). Down Syndrome: Current
Status, Challenges and Future Perspectives. Int. J. Mol. Cel Med 5, 125–133.

Kele, M., Day, K., Rönnholm, H., Schuster, J., Dahl, N., and Falk, A. (2016).
Generation of Human iPS Cell Line CTL07-II from Human Fibroblasts, under
Defined and Xeno-free Conditions. Stem Cel Res. 17, 474–478. doi:10.1016/
j.scr.2016.09.028

Kinsella, R. J., Kähäri, A., Haider, S., Zamora, J., Proctor, G., Spudich, G., et al.
(2011). Ensembl BioMarts: a Hub for Data Retrieval across Taxonomic Space.
Database 2011, bar030. doi:10.1093/database/bar030

Kosztolanyi, G. r. (1987). Does “Ring Syndrome” Exist? An Analysis of 207 Case
Reports on Patients with a Ring Autosome. Hum. Genet. 75, 174–179.
doi:10.1007/BF00591082

Kvarnung, M., Shahsavani, M., Taylan, F., Moslem, M., Breeuwsma, N., Laan, L.,
et al. (2019). Ataxia in Patients with Bi-allelic NFASC Mutations and Absence
of Full-Length NF186. Front. Genet. 10, 896. doi:10.3389/fgene.2019.00896

Lam, M., Moslem, M., Bryois, J., Pronk, R. J., Uhlin, E., Ellström, I. D., et al. (2019).
Single Cell Analysis of Autism Patient with Bi-allelic NRXN1-Alpha Deletion
Reveals Skewed Fate Choice in Neural Progenitors and Impaired Neuronal
Functionality. Exp. Cel Res. 383, 111469. doi:10.1016/j.yexcr.2019.06.014

Levanon, D., Glusman, G., Bangsow, T., Ben-Asher, E., Male, D. A., Avidan, N.,
et al. (2001). Architecture and Anatomy of the Genomic Locus Encoding the
Human Leukemia-Associated Transcription Factor RUNX1/AML1. Gene 262,
23–33. doi:10.1016/S0378-1119(00)00532-1

Lindstrand, A., Eisfeldt, J., Pettersson, M., Carvalho, C. M. B., Kvarnung, M.,
Grigelioniene, G., et al. (2019). From Cytogenetics to Cytogenomics: Whole-
Genome Sequencing as a First-Line Test Comprehensively Captures the
Diverse Spectrum of Disease-Causing Genetic Variation Underlying
Intellectual Disability. Genome Med. 11, 68. doi:10.1186/s13073-019-0675-1

Lindstrand, A.,Malmgren, H., Sahlén, S., Schoumans, J., Nordgren, A., Ergander, U., et al.
(2010). Detailed Molecular and Clinical Characterization of Three Patients with 21q
Deletions. Clin. Genet. 77, 145–154. doi:10.1111/j.1399-0004.2009.01289.x

Lockstone, H. E., Harris, L. W., Swatton, J. E., Wayland, M. T., Holland, A. J., and
Bahn, S. (2007). Gene Expression Profiling in the Adult Down Syndrome Brain.
Genomics 90, 647–660. doi:10.1016/j.ygeno.2007.08.005

Love, M. I., Huber, W., and Anders, S. (2014). Moderated Estimation of Fold
Change and Dispersion for RNA-Seq Data with DESeq2. Genome Biol. 15, 550.
doi:10.1186/s13059-014-0550-8

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 12 | Article 80368311

Schuy et al. RNA-Seq of Partial Monosomy 21

https://www.frontiersin.org/articles/10.3389/fgene.2021.803683/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.803683/full#supplementary-material
https://doi.org/10.1038/s41436-020-0780-y
https://doi.org/10.1038/nature04678
https://doi.org/10.1097/00125817-200103000-00002
https://doi.org/10.1097/00125817-200103000-00002
https://doi.org/10.1002/cne.21433
https://doi.org/10.1038/sj.npp.1300242
https://doi.org/10.1093/hmg/6.12.2043
https://doi.org/10.1155/2014/965401
https://doi.org/10.1038/nn.2600
https://doi.org/10.1093/hmg/9.12.1853
https://doi.org/10.1126/scitranslmed.aal5209
https://doi.org/10.1126/scitranslmed.aal5209
https://doi.org/10.1016/j.celrep.2018.06.091
https://doi.org/10.1371/journal.pone.0029597
https://doi.org/10.1016/j.ajhg.2009.03.010
https://doi.org/10.1093/nar/gky955
https://doi.org/10.1016/j.ajhg.2019.01.012
https://doi.org/10.1111/j.1399-0004.1975.tb01490.x
https://doi.org/10.1016/j.scr.2016.09.028
https://doi.org/10.1016/j.scr.2016.09.028
https://doi.org/10.1093/database/bar030
https://doi.org/10.1007/BF00591082
https://doi.org/10.3389/fgene.2019.00896
https://doi.org/10.1016/j.yexcr.2019.06.014
https://doi.org/10.1016/S0378-1119(00)00532-1
https://doi.org/10.1186/s13073-019-0675-1
https://doi.org/10.1111/j.1399-0004.2009.01289.x
https://doi.org/10.1016/j.ygeno.2007.08.005
https://doi.org/10.1186/s13059-014-0550-8
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Lundin, A., Delsing, L., Clausen, M., Ricchiuto, P., Sanchez, J., Sabirsh, A., et al.
(2018). Human iPS-Derived Astroglia from a Stable Neural Precursor State
Show Improved Functionality Compared with Conventional Astrocytic
Models. Stem Cel Rep. 10, 1030–1045. doi:10.1016/j.stemcr.2018.01.021

Martı́nez de Lagrán, M., Altafaj, X., Gallego, X., Martı́ , E., Estivill, X., Sahún, I.,
et al. (2004). Motor Phenotypic Alterations in TgDyrk1a Transgenic Mice
Implicate DYRK1A in Down SyndromeMotor Dysfunction. Neurobiol. Dis. 15,
132–142. doi:10.1016/j.nbd.2003.10.002

Mi, H., Muruganujan, A., Ebert, D., Huang, X., and Thomas, P. D. (2019).
PANTHER Version 14: More Genomes, a New PANTHER GO-Slim and
Improvements in Enrichment Analysis Tools. Nucleic Acids Res. 47,
D419–D426. doi:10.1093/nar/gky1038

Moorthie, S., Blencowe, H., Blencowe, H., Darlison, M. W., Gibbons, S., Lawn, J. E.,
et al. (2018). Chromosomal Disorders: Estimating Baseline Birth Prevalence
and Pregnancy Outcomes Worldwide. J. Community Genet. 9, 377–386.
doi:10.1007/s12687-017-0336-2

Mowery, C. T., Reyes, J. M., Cabal-Hierro, L., Higby, K. J., Karlin, K. L., Wang, J. H.,
et al. (2018). Trisomy of a Down Syndrome Critical Region Globally Amplifies
Transcription via HMGN1 Overexpression. Cel Rep. 25, 1898–1911.
doi:10.1016/j.celrep.2018.10.061

Mullighan, C. G., Collins-Underwood, J. R., Phillips, L. A. A., Loudin, M. G., Liu,
W., Zhang, J., et al. (2009). Rearrangement of CRLF2 in B-Progenitor- and
Down Syndrome-Associated Acute Lymphoblastic Leukemia. Nat. Genet. 41,
1243–1246. doi:10.1038/ng.469

Nikitina, T. V., Kashevarova, A. A., Gridina, M. M., Lopatkina, M. E., Khabarova,
A. A., Yakovleva, Y. S., et al. (2021). Complex Biology of Constitutional Ring
Chromosomes Structure and (In)stability Revealed by Somatic Cell
Reprogramming. Sci. Rep. 11, 4325. doi:10.1038/s41598-021-83399-3

Online Mendelian Inheritance in Man, OMIM (2020). McKusick-Nathans
Institute of Genetic Medicine, Johns Hopkins University (Baltimore, MD).
Nov-4,2021. Available at: https://www.omim.org/ (Accessed February 26,
2020).

Patro, R., Duggal, G., Love, M. I., Irizarry, R. A., and Kingsford, C. (2017). Salmon
Provides Fast and Bias-Aware Quantification of Transcript Expression Using
Dual-Phase Inference. Nat. Methods 14, 417–419. doi:10.1038/nmeth.4197

Peled-Kamar, M., Degani, H., Bendel, P., Margalit, R. a., and Groner, Y. (1998).
Altered Brain Glucose Metabolism in Transgenic-PFKL Mice with Elevated
L-Phosphofructokinase: In Vivo NMR Studies. Brain Res. 810, 138–145.
doi:10.1016/S0006-8993(98)00899-3

Perluigi, M., and Butterfield, D. A. (2012). Oxidative Stress and Down Syndrome: A
Route toward Alzheimer-like Dementia. Curr. Gerontol. Geriatr. Res. 2012,
10–11. doi:10.1155/2012/724904

Rainis, L., Toki, T., Pimanda, J. E., Rosenthal, E., Machol, K., Strehl, S., et al. (2005).
The Proto-Oncogene ERG in Megakaryoblastic Leukemias. Cancer Res. 65,
7596–7602. doi:10.1158/0008-5472.CAN-05-0147

Raveau, M., Nakahari, T., Asada, S., Ishihara, K., Amano, K., Shimohata, A., et al.
(2017). Brain Ventriculomegaly in Down Syndrome Mice Is Caused by
Pcp4 Dose-dependent Cilia Dysfunction. Hum. Mol. Genet. 26, ddx007–931.
doi:10.1093/hmg/ddx007

Riggs, E. R., Andersen, E. F., Cherry, A. M., Kantarci, S., Kearney, H., Patel, A., et al.
(2020). Technical Standards for the Interpretation and Reporting of
Constitutional Copy-Number Variants: a Joint Consensus Recommendation
of the American College of Medical Genetics and Genomics (ACMG) and the
Clinical Genome Resource (ClinGen). Genet. Med. 22, 245–257. doi:10.1038/
s41436-019-0686-8

Rossi, E., Riegel, M., Messa, J., Gimelli, S., Maraschio, P., Ciccone, R., et al. (2008).
Duplications in Addition to Terminal Deletions Are Present in a Proportion of
Ring Chromosomes: Clues to the Mechanisms of Formation. J. Med. Genet. 45,
147–154. doi:10.1136/jmg.2007.054007

Schinzel, A. (1976). Letter: Does Full Monosomy 21 Exist? A Comment To The
Paper: A Male Infant With Monosomy 21 By Y. Kaneko, T. Ikeuchi, M. Sasaki,
Y. Satake And S. Kuwajima Humangenetik 29, 1-7 (1975). Hum. Genet. 32,
105–107. doi:10.1007/BF00569984

Shahsavani, M., Pronk, R. J., Falk, R., Lam, M., Moslem, M., Linker, S. B., et al.
(2018). An In VitroModel of Lissencephaly: Expanding the Role of DCX during
Neurogenesis. Mol. Psychiatry 23, 1674–1684. doi:10.1038/mp.2017.175

Sobol, M., Klar, J., Laan, L., Shahsavani, M., Schuster, J., Annerén, G., et al. (2019).
Transcriptome and Proteome Profiling of Neural Induced Pluripotent Stem
Cells from Individuals with Down Syndrome Disclose Dynamic Dysregulations
of Key Pathways and Cellular Functions. Mol. Neurobiol. 56, 7113–7127.
doi:10.1007/s12035-019-1585-3

Sultan, M., Piccini, I., Balzereit, D., Herwig, R., Saran, N. G., Lehrach, H., et al. (2007).
Gene Expression Variation in Down’s Syndrome Mice Allows Prioritization of
Candidate Genes. Genome Biol. 8, R91. doi:10.1186/gb-2007-8-5-r91

Uhlin, E., Rönnholm, H., Day, K., Kele, M., Tammimies, K., Bölte, S., et al. (2017).
Derivation of Human iPS Cell Lines from Monozygotic Twins in Defined and
Xeno Free Conditions. Stem Cel Res. 18, 22–25. doi:10.1016/j.scr.2016.12.006

Valbuena, S., García, Á., Mazier, W., Paternain, A. V., and Lerma, J. (2019).
Unbalanced Dendritic Inhibition of CA1 Neurons Drives Spatial-Memory
Deficits in the Ts2Cje Down Syndrome Model. Nat. Commun. 10, 4991.
doi:10.1038/s41467-019-13004-9

Wolvetang, E. J., Bradfield, O. M., Hatzistavrou, T., Crack, P. J., Busciglio, J., Kola,
I., et al. (2003). Overexpression of the Chromosome 21 Transcription Factor
Ets2 Induces Neuronal Apoptosis. Neurobiol. Dis. 14, 349–356. doi:10.1016/
S0969-9961(03)00107-4

Wu, Y., Ly, P. T. T., and Song, W. (2014). Aberrant Expression of RCAN1 in
Alzheimer’s Pathogenesis: A New Molecular Mechanism and a Novel Drug
Target. Mol. Neurobiol. 50, 1085–1097. doi:10.1007/s12035-014-8704-y

Yamakawa, K., Huo, Y.-K., Haendel, M. A., Hubert, R., Chen, X.-N., Lyons, G. E.,
et al. (1998). DSCAM: A Novel Member of the Immunoglobulin Superfamily
Maps in a Down Syndrome Region and Is Involved in the Development of the
Nervous System. Hum. Mol. Genet. 7, 227–237. doi:10.1093/hmg/7.2.227

Yip, M. Y. (2015). Autosomal Ring Chromosomes in Human Genetic Disorders.
Transl Pediatr. 4, 164–174. doi:10.3978/j.issn.2224-4336.2015.03.04

Zakrzewski, W., Dobrzyński, M., Szymonowicz, M., and Rybak, Z. (2019). Stem
Cells: Past, Present, and Future. Stem Cel Res Ther 10, 68. doi:10.1186/s13287-
019-1165-5

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer JFM declared a past co-authorship with several of the authors JE, AL
to the handling editor.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Schuy, Eisfeldt, Pettersson, Shahrokhshahi, Moslem, Nilsson,
Dahl, Shahsavani, Falk and Lindstrand. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 12 | Article 80368312

Schuy et al. RNA-Seq of Partial Monosomy 21

https://doi.org/10.1016/j.stemcr.2018.01.021
https://doi.org/10.1016/j.nbd.2003.10.002
https://doi.org/10.1093/nar/gky1038
https://doi.org/10.1007/s12687-017-0336-2
https://doi.org/10.1016/j.celrep.2018.10.061
https://doi.org/10.1038/ng.469
https://doi.org/10.1038/s41598-021-83399-3
https://www.omim.org/
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1016/S0006-8993(98)00899-3
https://doi.org/10.1155/2012/724904
https://doi.org/10.1158/0008-5472.CAN-05-0147
https://doi.org/10.1093/hmg/ddx007
https://doi.org/10.1038/s41436-019-0686-8
https://doi.org/10.1038/s41436-019-0686-8
https://doi.org/10.1136/jmg.2007.054007
https://doi.org/10.1007/BF00569984
https://doi.org/10.1038/mp.2017.175
https://doi.org/10.1007/s12035-019-1585-3
https://doi.org/10.1186/gb-2007-8-5-r91
https://doi.org/10.1016/j.scr.2016.12.006
https://doi.org/10.1038/s41467-019-13004-9
https://doi.org/10.1016/S0969-9961(03)00107-4
https://doi.org/10.1016/S0969-9961(03)00107-4
https://doi.org/10.1007/s12035-014-8704-y
https://doi.org/10.1093/hmg/7.2.227
https://doi.org/10.3978/j.issn.2224-4336.2015.03.04
https://doi.org/10.1186/s13287-019-1165-5
https://doi.org/10.1186/s13287-019-1165-5
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Partial Monosomy 21 Mirrors Gene Expression of Trisomy 21 in a Patient-Derived Neuroepithelial Stem Cell Model
	Introduction
	Material and Methods
	Ethical Statement
	Human Subjects and Study Design
	Array Comparative Genomic Hybridization Analysis
	Fluorescence in situ Hybridization
	Karyotyping
	Immunocytochemistry
	Generation of iPSC and NESC Lines
	RNA Analysis and Gene Expression

	Results
	Establishing a NESC Model From Patient-Derived iPSCs
	Molecular Cytogenic Studies
	RNA-Seq Data Shows Downregulation for Genes Within Deleted Regions
	Panther Pathway Analysis for Genome-wide Expression Pattern
	Gene Expression of Ring Chromosome Mirrors Trisomy 21

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


