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Abstract

Down syndrome (DS) is the most prevalent chromosomal disorder associated with a higher incidence of pulmonary arterial hyper-
tension (PAH). The dysfunction of vascular endothelial cells (ECs) is known to cause pulmonary arterial remodeling in PAH, although
the physiological characteristics of ECs harboring trisomy 21 (T21) are still unknown. In this study, we analyzed the human vascular
ECs by utilizing the isogenic pairs of T21-induced pluripotent stem cells (iPSCs) and corrected disomy 21 (cDi21)-iPSCs. In T21-iPSC-
derived ECs, apoptosis and mitochondrial reactive oxygen species (mROS) were significantly increased, and angiogenesis and oxygen
consumption rate (OCR) were significantly impaired as compared with cDi21-iPSC-derived ECs. The RNA-sequencing identified that
EGR1 on chromosome 5 was significantly upregulated in T21-ECs. Both EGR1 suppression by siRNA and pharmacological inhibitor could
recover the apoptosis, mROS, angiogenesis, and OCR in T21-ECs. Alternately, the study also revealed that DYRK1A was responsible
to increase EGR1 expression via PPARG suppression, and that chemical inhibition of DYRKIA could restore the apoptosis, mROS,
angiogenesis, and OCR in T21-ECs. Finally, we demonstrated that EGR1 was significantly upregulated in the pulmonary arterial ECs from
lung specimens of a patient with DS and PAH. In conclusion, DYRK1A/PPARG/EGR1 pathway could play a central role for the pulmonary
EC functions and thus be associated with the pathogenesis of PAH in DS.
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Introduction

Down syndrome (DS) caused by the trisomy of human chromo-
some 21 (T21) is the most frequent chromosomal disorder with
an estimated prevalence of one in every 700 births each year [1].
It has been known that DS is associated with a higher incidence
of pulmonary arterial hypertension (PAH), especially in patients
with congenital heart defects [2, 3]. A recent large cohort study
revealed that the prevalence of PAH in DS was estimated at 28%,
far higher than in general population [4]. The major risk factors
associated with PAH in DS have been linked to respiratory diseases
such as upper airway obstruction, hypoventilation, and recur-
rent respiratory infections [5]. However, the pulmonary histology
showed that early progression of pulmonary arterial remodeling
could occur in patients with DS [6, 7]. Previous studies regard-
ing the pathogenesis of idiopathic or hereditary PAH (I/HPAH)
demonstrated that pulmonary vascular remodeling was involved
in the vascular endothelial cell (EC) dysfunction [8, 9]. In contrast,
the cellular characteristics and behaviors of vascular ECs with
T21 were not elucidated till present, mainly due to the lack of
appropriate cellular and animal models for DS that harbor a
complete T21.

Recently, patient-specific induced pluripotent stem cells
(iPSCs) became a useful technique for exploring the cellular
and molecular pathogeneses of various genetic disorders. In this
context, Gu et al. reported that iPSC-derived ECs from patients
with HPAH and BMPR2 gene mutation showed a significant EC
dysfunction, consequently, a specific molecular pathway for
the protection of EC functions was identified [10]. This study
suggested that iPSC-derived ECs could be a reliable method for
the investigation of the molecular pathogenesis of PAH, despite
the incomplete illustration of the pulmonary or systemic arterial
ECs in iPSC-derived ECs.

In this study, we mainly utilized the isogenic pairs of human
iPSC-derived ECs which were established by patients with DS and
the genetically corrected disomy 21 (cDi21) line to investigate the
cellular physiology of ECs harboring T21.

Results

All lines of human iPSCs established from
patients with DS and healthy controls can
efficiently differentiate into ECs

We used MiraCell iPS Cell to Endothelial Cell Differentiation Kit
for the differentiation of our iPSC lines into vascular ECs. EC mor-
phology showed a typical cobblestone appearance, similarin T21-
, T21'-, cDi21-, and two healthy controls-iPSC-derived ECs (HC_1
and HC_2). We confirmed that almost all cells were CD31-positive
ECs by immunocytochemistry, and we estimated the purity of
ECs by flow cytometry for CD31 as 97.3+1.4%, 97.2+0.97%,
98.7 £0.54%, 92.4 +3.4%, and 97.1 £ 0.082%, respectively (Supple-
mentary Fig. 1).

The ECs differentiated from cDi21-iPSCs show
equivalent cellular physiological functions as
those from healthy control-iPSCs

In order to exclude the possible inter-individual errors of
iPSC lines, we generated the isogenic pairs of T21-iPSCs and
cDi21-iPSCs [11]. Before comparing cellular functions of ECs
between the isogenic pairs of iPSC-derived ECs, we confirmed
that ECs, derived from cDi21-iPSCs harboring experimentally
corrected normal karyotype, were physiologically equivalent to
those derived from HC-iPSCs. In this framework, we carried out

the following five fundamental cellular functional assays: cellular
proliferation, migration, adhesion, apoptosis, and angiogenesis.
We did not find a significant difference among the vascular ECs
differentiated from cDi21-iPSCs and the two independent lines of
HC-iPSCs (Supplementary Fig. 2). Therefore, cDi21-ECs could be
considered as an isogenic normal control of T21-ECs hereafter.

T21-ECs show increased apoptosis, impaired
angiogenesis, and mitochondrial dysfunction

Afterwards, we compared cellular physiological functions
between the vascular ECs derived from isogenic pairs of T21-
and cDi21-iPSCs, and another DS patient derived (T21’)-iPSCs.
No significant difference was detected among T21-, T21’-, and
cDi21-ECs in the properties of proliferation (cDi21, 23.8 +2.99%;
T21, 23.6 £1.74%; T21', 23.7+2.17%; P=0.997; Fig. 1A), migra-
tion (cDi21, 1.00+0.076; T21, 0.96+0.079; T21’, 0.96+0.038;
P=0.872; Fig. 1B), and adhesion (cDi21, 560.2 +£40.08/mm?; T21,
416.04+68.70/mm?; T21’, 506.4+52.57/mm?; P=0.251; Fig. 1C).
In contrast, T21- and T21-ECs exhibited significantly more
apoptotic cells as assessed by flow cytometry for annexin V
and propidium iodide (cDi21, 1.85%40.287%; T21, 6.65+0.794%;
T21',7.41+£0.248%; P <0.01 vs cDi21; Fig. 1, D and E). Alternately,
we analyzed angiogenesis abilities by tube formation assay,
and found that T21- and T21’-ECs were significantly impaired
in angiogenesis (cDi21, 114.8+4.52; T21, 44.67+4.26; T21',
48.5+3.25; P<0.001 vs cDi21; Fig. 1, F and G).

Assuming that mitochondrial dysfunction is involved in
cellular apoptosis, we investigated mitochondrial respiratory
activity, and found that T21- and T21'-ECs exhibited higher
production of mitochondrial reactive oxygen species (mROS) as
compared with cDi21-ECs (cDi21, 142.0+1.25; T21, 240.1+22.1;
T21’,209.6 +14.3; P < 0.05 vs cDi21; Fig. 1, H and I). Next, we evalu-
ated mitochondrial respiratory function by oxygen consumption
rate (OCR) assay. In this context, T21- and T21’-ECs showed a
significant decrease in normalized rate where basal respiration
and maximal respiration were significantly impaired (basal:
cDi21, 100.0+3.34; T21, 51.8+10.31; T21’, 42.1+0.045; P<0.01
vs cDi21; maximal: c¢Di21, 200.0+20.19; T21, 89.72 +£15.53; T21’,
79.34+11.81; P<0.01 vs cDi21; Fig. 1,] and K). Consequently, DS
specific ECs were more apoptotic and less angiogenic compared
with cDi21-ECs, which could be linked to the mitochondrial
respiratory dysfunction and oxidative stress. These results
regarding cellular features of DS-ECs are consistent with the
previous reports using pulmonary ECs-derived from patients with
I/HPAH [12-14].

RNA-sequencing shows that gene expression
profiles are altered in T21-ECs and identifies
EGR1 as a candidate for mitochondrial
dysfunction in DS

To clarify the molecular mechanisms that underlie T21-EC
dysfunctions, we carried out an RNA-sequencing analysis using
two independent iPSC-derived EC lines of patients with DS
(T21 and T271’), two independent iPSC-derived EC lines of HC_1
and HC_2, and an isogenic iPSC-derived EC line of cDi21.
T-distributed stochastic neighbor embedding (tSNE) showed
distinctive expression patterns among each of the two lines
of T21-ECs, as well as the two lines of HC-ECs and cDi21-ECs.
Noting that, the expression pattern of cDi21-ECs was similar
to HC-ECs (Fig. 2A). The pathway analyses demonstrated that
both the mitochondria related genes and endothelial cell related
genes were dysregulated in T21-ECs (Fig. 2, B and C). To identify
the causative genes of T21-EC mitochondrial and endothelial
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Figure 1. Cellular physiology and mitochondrial respiratory function of T21-ECs and cDi21-ECs. (A) Proliferation assay evaluating the percentages
of EdU-positive cells. There is no significant difference among cDi21-, T21-, and T21’-ECs. (B) Relative migration distance 12 h after the wound scratch
of the cells. There is no significant difference among cDi21-, T21-, and T21’-ECs. (C) Cell adhesion assay by counting the number of attached cells 2 h
after seeding. There is no significant difference among cDi21-, T21-, and T21'-ECs. (D) Representative images of apoptosis assay by flow cytometry
for annexin V and propidium iodide (PI). (E) The quantitative analyses of annexin V-positive and PI-negative cell populations show that apoptotic
cells are significantly increased in T21- and T21-ECs as compared with cDi21-ECs. (F) Representative images of phase contrast microscopy in tube
formation assay. Note that lots of cellular tubes are formed in cDi21-ECs. Scale bar: 500 um. (G) The quantitative assessments tube formation show that
ability of angiogenesis is impaired in T21- and T21’-ECs as compared with cDi21-ECs. (H) Representative fluorescent images of MitoSOX red staining
for mitochondrial superoxide production assay. Scale bar: 50 um. (I) The quantitative measurements of MitoSOX fluorescence intensity show that
mitochondrial superoxide production is significantly increased in T21- and T21'-ECs. (J) Oxygen consumption rate (OCR) at baseline and after sequential
injection of oligomycin, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), and Rotenone/Antimycin A (R/AA). (K) Basal respiration and
maximal respiration are significantly impaired in T21- and T21-ECs. Three independent experiments were conducted each in A, B, C, E, G, and I. Five
independent experiments were conducted in ] and K. Data are presented as mean + SEM. Data were analyzed by the Tukey-Kramer multiple comparison
test. **P < 0.001, **P < 0.01, *P < 0.05 as compared to cDi21-ECs.
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Figure 2. The RNA-sequencing analyses of T21-, cDi21-, and healthy control-ECs. RNAs were extracted from two independent iPSC-derived EC lines
of patients with Down syndrome (T21 and T21'), two independent iPSC-derived EC lines of healthy controls (HC_1 and HC_2), and an isogenic iPSC-
derived EC line of corrected to disomy 21 (cDi21). (A) T-distributed stochastic neighbor embedding (tSNE) plots of RNA-sequencing. The comprehensive
expression patterns of T21- and T21’-ECs are separated from cDi21-ECs and HC-ECs. (B) The pathway analysis of RNA-sequencing reveals that the
mitochondria related genes are dysregulated in T21- and T21'-ECs as compared to HC-ECs and cDi21-ECs. (C) The RNA-sequencing reveals that the
endothelial cell related genes are dysregulated in T21- and T21’-ECs. (D) Differential gene expression (DEG) analysis reveals significantly upregulated
and downregulated genes in T21-ECs. (E) Quantitative PCR analysis of EGR1 in T21-, T21’-, cDi21-, and HC-ECs. Data are presented as mean + SEM. Data

were analyzed using the Tukey-Kramer multiple comparison test. **P < 0.01.

dysfunction, we focused on the differential expression genes
among T21- and control-lines of ECs. As a result, we identified
significantly upregulated and downregulated genes, where none
was located on the chromosome 21 (Fig.2D). Furthermore,
we searched for candidate genes which could result in EC
dysfunctions associated with PAH, apoptosis, and mitochondrial
dysfunction, and found EGR1 as a potent candidate for T21-EC
dysfunction. Our results confirmed that EGR1 expression was
significantly increased approximately 1.9-fold in both T21-ECs
and T21'-ECs compared to cDi21-ECs by quantitative polymerase
chain reaction (PCR) analysis (Fig. 2E). Noting that, EGR1, which
is a transcriptional factor encoded on chromosome 5, is known
to promote apoptosis via mitochondria-dependent manner [15].
In addition, EGR1 is reported to be involved in the vascular
remodeling of PAH [16].

Suppression of EGR1 expression restores
angiogenesis and mitochondrial dysfunctions of
T21-ECs

To determine whether the increase in EGR1 expression is truly
responsible for endothelial and mitochondrial dysfunctions of
T21-ECs, we analyzed angiogenesis and OCR subsequently after
siEGR1 treatment. First, we checked the suppression of EGR1
expression in T21-ECs following the treatment of two different
targets of siEGR1; both could effectively reduce EGR1 expression

in T21- ECs (Supplementary Fig. 3A). As the 24 h treatment of
lipofection reagent disturbed the cellular viability and angiogen-
esis of iPSC-derived ECs, we selected 6 h treatment of siEGR1. We
confirmed EGR1 expression levels in T21-, T21’-, cDi21-, and HC-
ECs under 6 h treatment of siEGR1, and found that the relative
mRNA expressions of EGR1 in all lines were suppressed at similar
levels. Although EGR1 expression level is known to rapidly change
depending on the cellular status, we confirmed that suppression
of EGR1 expression was persistent for at least 6 h after the retrieval
of siEGR1 from culture media, meaning that there was no time
effect during the angiogenesis and OCR experimental assays (Sup-
plementary Fig. 3B). Afterward, we found that the reduction of
EGRI1 expression could significantly restore the angiogenesis prop-
erty, mitochondrial OCR, the ratio of apoptotic cells, and mROS
production both in T21- and T21'-ECs (Fig. 3), suggesting that the
elevation of EGR1 expression could be substantially responsible
for DS-associate endothelial and mitochondrial dysfunctions.
Next, to confirm whether EGR1 suppression by the chemical
inhibitor was also effective to restore the T21-EC dysfunction,
we administered pioglitazone to the culture media of T21-,
T21'- and cDi21-ECs. Pioglitazone is a PPARy activator that
reduces EGR1 expression [17]. Alternatively, we confirmed that a
supplementation of 10 uM pioglitazone could efficiently increase
PPARG expression and reduce EGR1 expression in T21-ECs
(Fig. 4, A and B). Therefore, we clearly verified that angiogenesis

£20Z Jaquiaoa( |0 Uo Jasn 007 ‘AlsieAiun exesO Aq 096882.2/29 1 Pepp/Buu/s60 L 01 /10p/aonie-aoueApe/Buwy/woo dno-oiwspese//:sdny wolj papeojumoq


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad162#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad162#supplementary-data

C -= cDi21 +scr = cDi21 + siEGR1 D
= T21+scr -= T21+siEGR1
o T2t +sor -+ T21 +SiEGR1 300+
- c
300 Oligo FCCP  R/AA 8
H n H © 200 A
H % 6.
200 o8
% R o
Oo 8 100' o148
= 100 3
0
Time (minutes)
B F
g 10 - Kkk 3
2 *kk 2
o] . S 200 -
o & x £
& 50 38 y
> 20 100 -
£ ° =9
o SIC o
c o
c =
< 0 w
< <
S P P
Nl A
QQ' xfo\ <V xc> ’\q’\\ x%\
(@) N N

N
OQ’Q’ <V &

Down syndrome-associated pulmonary hypertension | 5

T21' + scr

B
2

£ 150

o

2 S K
£ 100

c

©

5

5 50

o

Q

S o

A
&

%

S N &N S
x%Cg%x%OQ‘x%
2

x

Q:\ <@ «q," xé\ ,{D&
N

9 .
[OEIRN N
Q@ O a2
EM
300
| o]
Kl
g 200
x o 7
o8
o
O\O it
. B £ 1001
- [
=
0 -
¥ <2
[$) ri\
('9\

Figure 3. Knockdown of EGR1 expression in T21-EC restores angiogenesis and mitochondrial respiratory function. (A) Representative phase contrast
images of tube formation assay in scrambled siRNA-treated or siEGR1-treated ECs. Scale bar: 500 pm. (B) The quantitative analyses of tube formation
assays reveal that angiogenesis is significantly recovered in siEGR1 treated T21- and T21'-ECs as same level as that of cDi21-ECs. (C) OCR of each cell line
and condition at baseline and after sequential supplementation of oligomycin (Oligo), FCCP, and Rotenone/Antimycin A (R/AA). (D) Quantitative analyses
of basal respiration and maximal respiration show significant improvement of OCR in siEGR1 treated T21- and T21'-ECs. (E) Quantitative analyses of
annexin V-positive and PI-negative cell populations show that apoptotic cells are significantly decreased in siEGR1-treated T21- and T21’-ECs, similar to
cDi21-ECs. (F) Quantitative measurements of MitoSOX fluorescence intensity show that the level of mitochondrial superoxide production is significantly
recovered in siEGR1-treated T21- and T21-ECs, which is similar to the level in cDi21-ECs.Three to four independent experiments were conducted in each.
Data are presented as mean + SEM. Data were analyzed by Tukey-Kramer multiple comparison test. **P <0.001, **P < 0.01, *P < 0.05.

property, mitochondrial OCR, the ratio of apoptotic cells, and
mROS production could be significantly recovered in T21- and
T21'-ECs after pioglitazone treatment (Fig. 4, C-H). This result
suggested that pioglitazone could be a candidate for drug
treatment to improve the endothelial function in patients with
DS.

Chemical inhibition of DYRK1A can modulate
PPARG and EGR1 expressions leading to recovery
of EC function in DS

In order to investigate how EGRI expression is altered in T21-
ECs, we examined the candidates of responsible genes on
chromosome 21. DYRK1A is located within the DS critical region of
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Figure 4. Pioglitazone suppresses EGR1 mRNA expression in DS-ECs and can restore angiogenesis and mitochondrial respiratory function. (A and
B) Relative mRNA expression of PPARG and EGR1 in T21-ECs treated with DMSO or pioglitazone (PIO). PIO treatment significantly increases PPARG
expression and suppresses EGR1 expression. (C) Representative phase contrast images of tube formation assays in each cell line and condition. Scale
bar: 500 um. (D) The quantitative analyses of tube formation assays demonstrate that angiogenesis is significantly recovered in PIO-treated T21- and
T21’-ECs as same level as that of cDi21-ECs. (E) OCR of each cell line and condition at baseline and after sequential treatment of oligomycin (Oligo), FCCP,
and Rotenone/Antimycin A (R/AA). (F) Quantitative analyses of basal respiration and maximal respiration show significant improvement of OCR in PIO-
treated T21- and T21’-ECs. (G) Quantitative analyses of annexin V-positive and PI-negative cell populations show that apoptotic cells are significantly
decreased in PIO-treated T21- and T21'-ECs, similar to cDi21-ECs. (H) Quantitative measurements of MitoSOX fluorescence intensity show that the level
of mitochondrial superoxide production is significantly restored in pioglitazone-treated T21- and T21-ECs, which is similar to the level in cDi21-ECs.
Three independent experiments were conducted in each. Data are presented as mean + SEM. Data were analyzed by unpaired t-test and Tukey-Kramer
multiple comparison test. ***P < 0.001, **P < 0.01, *P < 0.05.

the chromosome 21, and any elevation in its expression is reported
to impair the angiogenesis, which is related to the suppression
of solid tumor growth in DS through ECs inactivation [18].
Moreover, overexpression of DYRKIA was reported to suppress
PPARG expression [19]. Given that PPARG was reported to inhibit
EGR1 expression [20], we hypothesized that an upregulation of
DYRKIA might increase EGR1 expression via suppressing PPARG
pathway in T21-ECs. On the other side, to examine whether
DYRK1A was responsible for the endothelial dysfunction in DS, we
administered harmine, a potent DYRK1A inhibitor, to the culture

media of T21-, T21’-, and cDi21-ECs. Consequently, we confirmed
that DYRKIA expression level was almost 1.5-fold higher in our
T21- and T21'-ECs by RNA-sequencing and quantitative PCR
analyses (Fig. 5A). Harmine treatment could effectively increase
PPARG expression and suppress EGR1 expression in T21- and T21'-
ECs with similar levels of cDi21-ECs (Fig. 5, B and C). Therefore,
we demonstrated that harmine treatment could significantly
improve the angiogenesis property, the mitochondrial respiratory
function, apoptosis, and mROS production in T21- and T21’-ECs
(Fig. 5, D).
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Figure 5. DYRK1A inhibitor, harmine reduces EGR1 mRNA expression in T21-EC via PPARG pathway and restores angiogenesis and mitochondrial
respiratory function. (A) Relative mRNA expressions of DYRK1A in T21- and T21'-ECs, evaluated by quantitative PCR. Approximately 1.5-fold higher
expression is observed both in T21- and T21’-ECs as compared with cDi21-ECs. (B) Relative mRNA expression of PPARG in cDi21-ECs, T21-, and T21'-
ECs treated with DMSO or harmine; the latter significantly increases PPARG expression in T21- and T21'-ECs, but not in cDi21-ECs. (C) Relative mRNA
expression of EGR1 treated with DMSO or harmine; the latter significantly reduces EGR1 expression in T21- and T21'-ECs. (D) Representative phase
contrast images of tube formation assays in each cell line and condition. Scale bar: 500 um. (E) Quantitative analyses of tube formation assays reveal that
angiogenesis is significantly recovered in harmine-treated T21- and T21’-ECs as same level as that of cDi21-ECs. (F) OCR of each cell line and condition
at baseline and after sequential treatment of oligomycin (Oligo), FCCP, and Rotenone/Antimycin A (R/AA). (G) Quantitative analyses of basal respiration
and maximal respiration show significant improvement of OCR in harmine-treated T21- and T21-ECs. (H) Quantitative analyses of annexin V-positive
and PI-negative cell populations show that apoptotic cells are significantly decreased in harmine-treated T21- and T21’-ECs, similar to cDi21-ECs. (I)
Quantitative measurements of MitoSOX fluorescence intensity show that the level of mitochondrial superoxide production is significantly decreased
in harmine-treated T21- and T21'-ECs, which is similar to the level in cDi21-ECs. Three to four independent experiments were conducted in each. Data
are presented as mean =+ SEM. Data were analyzed by Tukey-Kramer multiple comparison test. ***P < 0.001, **P < 0.01, *P < 0.05.
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DYRK1A overexpression deteriorates endothelial
and mitochondrial function in control ECs

We transfected a vector expressing DYRK1A into cDi21-ECs and
two healthy control (HC)-ECs to investigate whether DYRK1A is
solely responsible for endothelial and mitochondrial dysfunc-
tions in DS-ECs. First, we examined the relative expression levels
of DYRKIA in cDi21-ECs. Additionally, we found that DYRK1A
is 20-fold more abundant in DYRKIA expression vector-cDi21-
than in empty vector (EV) transfected-cDi21-ECs (Fig. 6A). DYRK1A
overexpression significantly downregulated and upregulated the
expression of PPARG and EGR1, respectively (Fig. 6A). DYRK1A over-
expression impaired tube formation abilities and OCR in cDi21-
and HC-ECs (Fig. 6, B-E). Then, the experiment revealed signif-
icant apoptosis of ECs and increased mROS levels in DYRKIA-
overexpressed-cDi21- and HC-ECs (Fig. 6, F and G). Overall, our
results suggest that DYRK1A upregulation could affect the expres-
sion levels of PPARG and EGR1 in DS-ECs, leading to EC dysfunction
in patients with DS.

EGR1 is upregulated in the pulmonary ECs of a
human patient with DS and PAH

Finally, to evaluate whether EGR1 plays an important role in the
pathogenesis of PAH in human patients with DS, we analyzed the
lung specimens of a patient with DS and PAH, whose upper lobe
of his left lung was partly resected due to a massive hemoptysis
with severe PAH subsequent to a cardiac surgery for a ventricular
septal defect. Therefore, we conducted an immunohistochemistry
of EGR1 in the lung tissues and counted the percentages of EGR1-
positive nuclei of his pulmonary arterial ECs (Fig. 7, A and B). The
quantitative analysis showed that the number of EGR1- positive
pulmonary arterial ECs was significantly greater as compared
with a healthy control (healthy control, 21.5+4.37%; Down syn-
drome, 81.5+3.89%; P <0.001; Fig. 7C). This outcome suggested
that EGR1 is upregulated in human patients with DS and PAH,
indicating that EGR1 is a key regulator of pulmonary EC dysfunc-
tion in DS as well as in iPSC-derived ECs.

Discussion

In this study, we originally proved that vascular EC function is
impaired in DS by using isogenic pairs of iPSCs derived from DS
patients. Recently, patient-specific iPSC technology facilitates the
investigation of pathogenic mechanisms in many genetic disor-
ders including PAH. Nevertheless, to reduce the inter-individual
error of iPSC lines, isogenic pairs of iPSCs have been considered as
an appropriate in in vitro model [21, 22].

First of all, we analyzed the five cellular physiological functions
of T21-ECs, including proliferation, adhesion, migration, apop-
tosis, and angiogenesis abilities. According to previous studies
utilizing the ECs from patients with I/HPAH or animal models,
these cellular properties were impaired in PAH [23, 24]. In fact,
we demonstrated that T21-ECs had an impaired angiogenesis and
an increased apoptosis, which is compatible with the previous
studies of IPAH both in vitro and in vivo [25]. In contrast, we
could not find any significant difference in cellular proliferation,
migration, and adhesion in T21-ECs, although many previous
studies revealed that the latter properties of cellular function
were impaired in pulmonary ECs of PAH [23]. This discrepancy
might be due to the difference of pathogenesis between I/H-
PAH and PAH associated with DS. Afterward, we focused on the
mitochondrial respiratory function of T21-ECs as mitochondrial
dysfunction was reported in DS; a previous study proved that

fetal dermal fibroblasts from patients with DS exhibited the
impairment of mitochondrial respiration and elevation of ROS
[26]. On the other hand, the impairment of mitochondrial respira-
tory function and metabolism have been thoroughly examined in
patients with PAH and model animals [12-14, 24]. Several studies
showed that ROS increased in the lung tissues of patients with
PAH [12], and that OCR of pulmonary ECs in patients with IPAH
significantly decreased [24]. Although we were unable to assess
the metabolic shift of glycolysis and alteration of mitochondrial
membrane potential, our results suggest that mitochondrial dys-
function could be associated with the pathogenesis of PAH in DS.

Subsequently, we found that the comprehensive gene expres-
sion patterns in T21-ECs changed compared with healthy control-
ECs. In addition, we identified EGR1 as a candidate gene for mito-
chondrial dysfunction in DS. EGR1, which is a Cys2-His2 type zinc
finger transcription factor, resides on human chromosome 5 [27].
Its expression is induced by various stimuli including hypoxia,
shear stress, and pro-inflammatory cytokines [28-30]. EGR1 binds
to GC-rich domain of genes such as TGFB [31], PDGFA [29], PDGFB
[32], and p53 [33], all of which are involved in the pathogenesis of
PAH in animal models and human patients [34-36]. Additionally,
EGR1 is also involved in the mitochondrial function [15, 37]. Later,
we showed that treatment with siEGR1 and pioglitazone could
restore the mitochondrial function and angiogenesis in DS-ECs,
suggesting that EGR1 is a key regulator of the mitochondrial
function and plays an important role in PAH pathogenesis of
patients with DS.

Next, we focused on DYRK1A and PPARG pathways. DYRKIA
is one of the most important genes in human chromosome 21,
which is closely associated with the pathogenesis of DS mainly in
neurological disorders [38]. Dyrkla transgenic mouse was reported
to decrease PPARG expression, and PPARG was described as an
important upstream regulator of EGR1 [17, 19]. Moreover, PPARG
pathway has attracted attention for its involvement in the patho-
genesis of PAH (39, 40]. We demonstrated that a chemical inhi-
bition of DYRKIA could restore the mitochondrial function and
angiogenesis in T21-ECs. On the contrary, DYRK1A overexpres-
sion might deteriorate the mitochondrial and endothelial func-
tions in control ECs. Taken together, we strongly suggest that
DYRK1A/PPARG/EGR1 pathway would play a central role in the
pathogenesis of PAH associated with DS.

Finally, to confirm whether our in vitro experiments using
patient-specific iPSC lines truly recapitulate the pathogenesis of
PAH in DS, we analyzed the lung specimen of a patient with DS
with severe PAH and congenital heart disease; the results showed
that EGR1 expression in the pulmonary arterial ECs was signifi-
cantly elevated in the patient with DS with PAH, which indicates
that EGR1 is a potent key regulator of the pathogenesis of PAH
in human patients with DS, and that the DYRK1A/PPARG/EGR1
pathway might be a candidate therapeutic target of DS with PAH.

Nevertheless, there are several limitations in this study; the
most important one is that the differentiated ECs from iPSCs
are not specific to pulmonary ECs. However, a previous study
using iPSCs from patients with HPAH and a BMPR2 mutation
could also successfully recapitulate the pathological phenotype
of EC dysfunction [10]. Another limitation resides on the number
of patients in both in vitro and in vivo experiments. We cannot
exclude the possibility of inter-individual variability. We utilized
the isogenic pairs of iPSCs: T21- and cDi21-iPSCs; therefore, we
considered that the possible errors of iPSC lines could be reduced
in this study. Moreover, we analyzed the lung specimen from only
one patient with DS, due to the fact that human lung specimens
from patients with DS are hard to obtain. Since EGR1 expression is
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Figure 6. DYRK1A overexpression impairs angiogenesis and mitochondrial respiratory function in cDi21- and HC-ECs. (A) Transfection of the DYRK1A-
expression vector induced significant higher mRNA level of DYRK1A in cDi21-ECs as compared with that of empty vector (EV). Overexpression of DYRK1A
results in a significant decrease of PPARG and an increase of EGR1 levels in cDi21-ECs compared with EV-treated-ECs. (B) Representative images of the
tube formation assays in cDi21- and two HC-EC lines treated with EV and DYRKIA expression vector, visualized by phase contrast microscopy. Scale
bar: 500 um. (C) Quantitative analyses of the tube formation assays show that angiogenesis is significantly impaired in DYRK1A-overexpressed cDi21-
and HC-ECs. (D) OCR at baseline and after sequential treatment of oligomycin (Oligo), FCCP, and Rotenone/Antimycin A (R/AA) in each line treated
with EV and DRYK1A expression vector. (E) Quantitative analyses of basal respiration and maximal respiration show significant impairment of OCR
in cells treated with DYRK1A-expression vector. (F) Quantitative analyses of annexin V-positive and PI-negative cell populations demonstrate that the
proportion of apoptotic cells significantly increased in DYRK1A-overexpressed ECs. (G) Quantitative measurements of MitoSOX fluorescence intensity
show a significant increase in the level of mitochondrial superoxide production in DYRKIA-overexpressed ECs. Three independent experiments were
conducted in each. Data are presented as mean + SEM. Data were analyzed by unpaired t-test and Tukey-Kramer multiple comparison test. ***P < 0.001,
*P <0.01, *P < 0.05.

associated with cell shear stress, we assessed the response of T21- suggested that DYRK1A/PPARG/EGR1 could be a central pathway
ECs to shear stress using a liquid flow pump system. However, for pulmonary EC dysfunction in patients with DS.
T21- and T21-ECs detached from the cell culture plates even
under weak stimuli (2 to 5 dyne). Therefore, we could not deter- .
mine the shear stress responsi of these cells in vitro. Consequently, Materials and Methods
further studies are necessary to reveal whether the suppression Generation and culture of iPSCs from patients
of EGR1 is effective for DS-associated PAH in human. with DS and healthy controls

In conclusion, we identified EGR1 as a key regulator of mito- T21-iPSC lines were generated as previously described [11, 41].
chondrial dysfunction of pulmonary ECs in DS. Moreover, we Briefly, the dermal fibroblasts cultured from two patients with DS
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Figure 7. Immunohistochemistry of EGR1 in pulmonary arteries of patients with Down syndrome and PAH. (A) Representative images of
immunohistochemistry of EGR1 in the lung tissues of healthy control (upper panels) and patients with DS and PAH (lower panels). Scale bar: 200 um.
(B) Representative images of quantitative evaluation for EGR1 positive pulmonary ECs. The parentages of 3,3’'-Diaminobenzidine (DAB) positive nuclei of
pulmonary arterial ECs were counted. The black arrowheads indicate EGR1-positive nuclei and the white arrowhead indicates EGR1-negative nucleus.
Scale bar: 50 um. (C) EGR1-positive cell ratio of pulmonary ECs in DS is significantly higher than that of healthy control. Seven arteries and nine
arteries were analyzed in healthy control and in DS, respectively. Data are presented as mean+ SEM. Data were analyzed by an unpaired Student’s t

test. **P < 0.001.

and two healthy infants were transfected by a Sendai virus vector
encoding human OCT3/4, SOX2, KLF4, and CMYC. Noting that, no
patient with DS had congenital heart disease. We generated a
cDi21-iPSC line by introducing a chromosome elimination cas-
sette into the extra maternal chromosome by TALENS, obtained
after Cre-loxP mediated recombination and FIAU selection [11].
The iPSC lines were characterized by immunostaining for pluripo-
tency markers, karyotyping, and teratoma formation. We main-
tained the cells by Cellartis DEF-CS 500 Basal Medium (Takara
bio, Kusatsu, Japan) and passaged following the manufacturer’s
recommendations.

Differentiation to vascular ECs

We differentiated ECs from each iPSC line by using MiraCell iPS
Cell to Endothelial Cell Differentiation Kit (Takara bio) following
the manufacturer’s protocol, and maintained on fibronectin-
coated cell-culture dishes with MiraCell EC Culture Medium
(Takara bio). ECs were used for all experiments between passages
2 and6.

Immunofluorescence and flow cytometry
analyses

For immunocytochemical analysis, we fixed the cells with 4%
paraformaldehyde for 10 min, and permeabilized it with a PBS
solution containing 0.1% of Triton-X 100 for 10 min. After blocking
with 5% FBS, we incubated the cells with anti-CD31 (1/30; 14-
0319-82, Thermo Fisher Scientific, Waltham, MA, USA) primary
antibody at 4°C overnight. Afterward, we incubated the cells with
secondary Goat anti-Mouse Alexa Fluor 488 antibody (1/400; A-
11001, Thermo Fisher Scientific) for 60 min at room temperature,
and we stained the nuclei with Hoechst 33342 (H342, Dojindo

Molecular Technologies, Kumamoto, Japan). We developed the
images by IN Cell Analyzer 6000 (GE Healthcare, Chicago, IL, USA).
For flow cytometry, we suspended the cells in HBSS containing
3% FBS and 0.3 mM EDTA, fixed with 4% paraformaldehyde, and
stained with the same antibodies used in immunofluorescence.
Mouse IgG isotype control (401401, BioLegend, San Diego, CA,
USA) was applied as a negative control. We analyzed the cells
via a BD FACS Canto II (BD Biosciences, Franklin Lakes, NJ, USA),
and performed the data analysis using FlowJjo v10 software (BD
Biosciences).

Proliferation assay

We cultured ECs at 15000 cells per well in 96-well plates for one
day, then, we applied 10 uM EAU (Click-iT EQU Cell Proliferation Kit
for Imaging, Thermo Fisher Scientific) and incubated the plates
for 24 h. Afterward, we stained the cells with AlexaFluor 488
(Thermo Fisher Scientific) and the nuclei with Hoechst 33 342. We
analyzed the cells at a x 400 magnification by IN Cell Analyzer
6000, and we calculated the percentages of EAU-positive nuclei.

Apoptosis assay

Prior to the apoptosis assay, we cultured the cells at 100000
cells per well in 6-well plates for 24 h. Next, we washed the
cells with Cell Staining Buffer (Biolegend) and stained them with
FITC-Annexin V and propidium iodide (PI) (Biolegend) at 4°C for
10 min, and analyzed them by BD FACS Canto II. Data analysis
was performed using FlowJo v10 software.

Migration assay

We modified the migration assay from the previous publication
[42]; we cultured the cells at 60000 per well in 24-well plates 24 h
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prior to the assay. After confirming the confluence, we scratched
the cells with a vertical wound through the cell monolayer using
a 200 ul pipette tip. We washed the cellular debris with PBS
twice and added MiraCell EC Culture Medium to the cells. We
obtained the phase contrast microscopic images and measured
the distance of one side to the other side of the wound. We
analyzed the ratio of shortening from the start to 12 h compared
with a control using Image] software (https://imagej.nih.gov/ij/
index.html).

Adhesion assay

We seeded the cells at 20 000 cells per well in 96-well plates coated
with fibronectin. Later, after 2 h incubation at 37°C, we washed
the cells twice with PBS and stained them with Hoechst 33342,
We analyzed the number of nuclei by IN Cell Analyzer 6000.

Tube formation assay

We modified the tube formation assay from the previous pub-
lication [43]; we merged growth factor reduced Matrigel (Merck
Millipore, Burlington, MA, USA) into 96-well plates (40 ul/well)
and incubated them at 37°C for 30 min. We seeded the cells
at 15000 per well for 6 h. We captured the images with a BZ-
X700 microscope (Keyence, Osaka, Japan). We quantified the tube
formation by the number of branching points.

Measurement of mitochondrial reactive oxygen
species (mROS)

We measured mROS using MitoSOX red (Thermo Fisher Scientific)
following the manufacture’s protocol. We seeded the cells briefly
at 15000 per well in 96-well black plates. We loaded the cells with
5 uM MitoSOX red and 50 nM MitoTracker Green (Thermo Fisher
Scientific) for 15 min, washed twice in PBS, and analyzed them by
IN Cell Analyzer 6000. We indexed the level of mROS by mean red
fluorescence intensity on the mitochondria stained in green.

Measurement of OCR

We measured OCR via a Seahorse XFe96 Analyzer (Agilent
Technologies, Santa Clara, CA, USA). We seeded the cells at
10000 cells per well in 96 well Seahorse assay plates coated
with fibronectin. We studied the cells in Seahorse XF DMEM
(Agilent Technologies) supplemented with 10 mM glucose, 2 mM
glutamine and 1 mM pyruvate. We determined OCR in the basal
state or after sequentially adding 1.0 uM oligomycin, 2.0 uM
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP),
and 0.5 uM rotenone/antimycin A. We corrected the values of the
OCR measurement for cell numbers and expressed the data as a
percentage of the basal OCR of control cell lines.

RNA isolation and RNA-sequence

We extracted total RNA using NucleoSpin (Takara Bio) follow-
ing the manufacturer’s procedure; we measured the RNA con-
centration by NanoDrop 2000c (Thermo Fisher Scientific), and
conducted an RNA-sequencing by next generation sequencer as
previously described [44]. Sequencing was performed on an Illu-
mina HiSeq 2500 platform in 75-base single-end mode (Illumina,
San Diego, CA, USA). The transcriptomes of T21-ECs, healthy-ECs,
and cDi21-ECs were analyzed with Subio platform (https://www.
subioplatform.com/ja/). All sequence data sets are available at
Gene Expression Omnibus, GSE203257.

siRNA gene silencing

Knockdown of EGR1 was carried out using Silencer Select
siRNA with Lipofectamine RNAIMAX (Thermo Fisher Scientific)
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following the manufacturer’s protocol. Before performing tube
formation assay and measuring OCR, we transfected ECs
with siRNA (5 nM) for 6 h. The sequences of siRNAs were as
follows; siEGR1_1 sense: 5'-CAACGACAGCAGUCCCAUUtt-3, anti-
sense: 5'-AAUGGGACUGCUGUCGUUGga-3'; siEGR1_2 sense: 5'-
GCAGAGUCUUUUCCU GACALtt-3, antisense: 5'-UGUCAGGAAAA
GACUCUGCgg-3'.

Plasmid transfection

The plasmids pRP-Vec (pRP[Exp]-EGFP-CAG > ORF_Stuffer, Cat.
VB900122-4426sjs) and pRP-DYRK1A (pRP[Exp]-EGFP-CAG > hDY
RK1IA[NM_001396.5], Cat. VB900135-9088zng) were purchased
from VectorBuilder (Chicago, IL, USA). Differentiated ECs were
transfected with the plasmids for 6 h using Lipofectamine 2000
reagent (Thermo Fisher Scientific). Subsequently, the medium
was replaced with MiraCell EC Culture Medium overnight. ECs
were provided for all experiments 24 h following the plasmid
transfection.

Quantitative real-time PCR

We extracted total RNA using NucleoSpin RNA column kit (Takara
Bio). After RNA isolation, we performed reverse transcription
through the use of ReverTra ACE (TOYOBO, Osaka, Japan) following
the manufacturer’s instructions. Afterward, we conducted quan-
titative real-time PCR with QuantStudio 7 system by using THUD-
ERBIRD SYBR gPCR Mix kit (TOYOBO). We analyzed each sample
in technical triplicates with the following protocol: 10 min at 95°C,
followed by 40 cycles of 15 s at 95°C, and 1 min at 60°C. Each
PCR analysis was completed by a melt curve cycle of 15 s at 95°C,
60 s at 60°C, and 15 s at 95°C. We analyzed all the data by using
the standard curve method, and evaluated the relative amount
of mRNAs compared to that of the house-keeping gene ACTB. We
calculated the cycle threshold under the default settings by real-
time sequence detection software (Applied Biosystems).

We used the following primer pairs for gPCR; EGR1 forward: 5'-
AGCAGCACCTTCAACCCTCAGG-3, reverse 5'-GAGTGGTTTGGCT
GGGGTAACT-3'; PPARG forward: 5'-TGGTGACTTTATGGAGCCCAA-
3, reverse 5-GGCAAACAGCTGTGAGGACTCAG-3'; DYRK1A for-
ward: 5'-CCTTGCCATTGATATGTGGTCCC-3, reverse 5'-GCAGGT
GGAATACCCAGAACTTC-3’; ACTB forward: 5'-TCAAGATCATTGC
TCCTCCTGAG-3, reverse 5'-ACATCTGCTGGAAGGTGGACA-3'.

Chemical inhibition of DYRK1A/PPARG/EGR1
pathway

We seeded the cells at 80000 per well in 24-well plates for RNA
extraction, at 100 000 per well in 6-well plates for tube formation
assay, and 10000 per well in 96 well Seahorse assay plates coated
with fibronectin for OCR measurement, 24 h prior to drug treat-
ment. We applied a 24 h treatment with 10 uM of pioglitazone
(Wako, Osaka, Japan) and 2.5 uM of harmine (Thermo Fisher
Scientific) for inhibiting EGR1 and DYRK1A, respectively.

Immunohistochemistry for EGR1 in the lungs of
a patient with DS

We performed immunohistochemistry using ImmPRESS HRP
Horse Anti-Rabbit IgG PLUS Polymer Kit (Vector Laborato-
ries, Burlingame, CA, USA) according to the manufacturer’s
instructions. We deparaffinized the paraffin-embedded slides
in xylene and rehydrated them in a graded series of ethanol.
We performed antigen retrieval by autoclaving the slides in
10 mM citrate buffer, at pH 6.0. We blocked the activity of the
endogenous peroxidase with 3% hydrogen peroxide for 30 min.
After blocking, we incubated the slides with a 1:200 dilution
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of rabbit monoclonal anti-EGR1 antibody (ab194357, Abcam,
Cambridge, UK) at 4°C overnight in a humidified chamber. Next,
we incubated the slides with ImmPRESS HRP horse anti-rabbit
IgG polymer reagent (Vector Laboratories) for 30 min, followed by
3,3’-diaminobenzidine (DAB) staining for 40 s. We counterstained
the slides with Mayer hematoxylin, dehydrated in a graded series
of ethanol followed by xylene, and mounted with Mount Quick
(Daido Sangyo, Saitama, Japan). Paraffin-embedded normal lung
sections were purchased from Novus Biologicals (62-years old,
male, NBP2-30182).

Data availability

The RNA-sequencing raw fastq files, gene by cell transcript counts
matrix, and metadata files were available in Gene Expression
Omnibus database (GSE203257).

Statistics

All data were expressed as means =+ standard error. We performed
all statistical analyses through R version 4.0.4 and RStudio
1.4.1106. We used an unpaired t-test for comparison of two
groups, and performed a multiple group comparison by Tukey—
Kramer test. P value < 0.05 was considered to indicate a statistical
significance.

Study approval

All studies using iPSCs and human lung samples are approved
by the Ethics Committee of Osaka University Graduate School
of Medicine (approval no. 13123-823 and no. 15118-4). Written
informed consents were obtained from the parents of the patients
prior to participation.
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Supplementary data is available at HMG Journal online.
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