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Summary

Down syndrome (DS) is a genetic disorder driven by the triplication of chromosome 21 

(T21) that is characterized by a wide-range of neurodevelopmental and physical disabilities. 

Transcriptomic analysis of tissue samples from individuals with DS has revealed that T21 

induces a genome-wide transcriptional disruption. However, the consequences of T21 on the 

nuclear-architecture and its interplay with the transcriptome remain unknown. In this study, we 

find that unlike human induced pluripotent stem cells (iPSCs), iPSC-derived neural progenitor 

cells (NPCs) exhibit genome-wide “chromosomal introversion”, disruption of lamina-associated 

domains, and global chromatin-accessibility changes in response to T21, consistent with the 

transcriptional and nuclear-architecture changes characteristic of senescent cells. Treatment of 

T21-harboring NPCs with senolytic drugs alleviates the transcriptional, molecular and cellular 

dysfunctions associated with DS. Our findings provide a mechanistic link between T21 and global 

transcriptional disruption, and indicate that senescence-associated phenotypes may play a key role 

in the neurodevelopmental pathogenesis of DS.
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Graphical Abstract

eTOC Blurb

In this issue of Cell Stem Cell, Meharena et. al. (2021) show that Down syndrome or trisomy 

21 disrupts the 3D-genome, epigenome and transcriptome of neural progenitors similar to those 

observed in senescent cells, and find that the senolytic drug combination of dasatinib and quercetin 

ameliorates these disruptions.
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Introduction

Down syndrome (DS) is a genetic disorder caused by the triplication of chromosome 21 

(T21) and recent whole-genome transcriptional profiling of various tissue samples from 

individuals with DS and DS mouse models have revealed that T21 induces genome-wide 

transcriptional disruption in addition to the dosage-dependent upregulation of a subset of 

expressed genes on chromosome 21, similar to those observed in other whole chromosome 

aneuploidies (Bianco et al., 2016; Durrbaum et al., 2014; FitzPatrick et al., 2002; Gonzales 
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et al., 2018; Lejeune et al., 1959; Letourneau et al., 2014; Olmos-Serrano et al., 2016; 

Sheltzer et al., 2012; Tyler and Haydar, 2013; Walus et al., 2016; Wangsa et al., 2019). 

While the extra copy of chromosome 21 can explain upregulation of genes present on 

that chromosome, the mechanisms by which T21 induces genome-wide transcriptional 

disruption remain unknown.

The precise transcriptional output of a gene is orchestrated by transcription factors (TF) 

that bind locally to the gene promoter and distally to regulatory elements that are often 

separated from their target promoters by large genomic distances (Furlong and Levine, 

2018). Epigenetic modifications of chromatin determine TF-binding site-accessibility at 

gene promoters and regulatory elements, and the folding of chromatin within the interphase 

nucleus brings these two regions into spatial proximity (McLaughlin et al., 2019; Pombo 

and Dillon, 2015). This three-dimensional (3D) genome organization of gene promoters 

and regulatory elements determines the transcriptional levels of specific genes within a cell 

(Schoenfelder and Fraser, 2019). Thus, both local and large-scale 3D-genome organization 

defined by A/B compartments, topologically associating domains (TADs), and enhancer-

promoter interactions are necessary for the precise epigenetic regulation of the transcriptome 

required for proper embryonic development, neurogenesis, lineage commitment and stem 

cell differentiation (Battle et al., 2019; Dekker et al., 2002; Dixon et al., 2015; Lieberman-

Aiden et al., 2009; Nora et al., 2012; Zheng and Xie, 2019). Furthermore, disease-associated 

mutations of genes involved in the organization of the 3D-genome, such as LMNB1, 

CTCF and cohesin, have been identified in individuals with neurodevelopmental disorders 

characterized by intellectual disability and craniofacial features similar to those observed 

in DS (Konrad et al., 2019; Yuan et al., 2015). However, the influence of T21 on the 3D-

genome organization and the role of the epigenome in the global transcriptional disruption 

observed in DS remain unknown.

While individuals with DS exhibit wide-spread disease etiologies in different organs of 

the body, intellectual disability associated with abnormal brain morphogenesis is the most 

prevalent and highly penetrant pathology observed (Benda, 1940; Down, 1995; Pinter et al., 

2001; Weijerman and de Winter, 2010). These brain abnormalities have been associated with 

dysfunctional neural progenitor cells (NPCs), the multipotent stem cells of the developing 

brain that differentiate into neurons, astrocytes or oligodendrocytes (Stagni et al., 2018; 

Tyler and Haydar, 2013). Fetal brain tissue derived from individuals with DS and brains 

of DS mouse models exhibit abnormal morphogenesis with accompanying deficits in cell 

proliferation and cell migration, which has been linked to the cognitive deficits observed in 

DS (Aldridge et al., 2007; Chakrabarti et al., 2007; Guidi et al., 2011; Moldrich et al., 2009; 

Olson et al., 2004). Furthermore, these abnormalities persist into adulthood and impact adult 

hippocampal neurogenesis, which is associated with learning and memory deficits in DS 

mouse models (Sylvester, 1983; Toda and Gage, 2018). From these studies and others, it 

is clear that NPC dysfunction is central to the pathogenesis of DS, however, the molecular 

mechanisms governing NPC dysfunction in DS remain unclear.

To explore the consequence of T21 on the molecular and cellular changes observed in 

DS, we established human-derived induced pluripotent stem cells (iPSCs) and iPSC-derived 

forebrain NPCs from multiple individuals and interrogated the consequences of T21 on the 
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3D-genome organization, epigenome and transcriptome (Buenrostro et al., 2013; Chambers 

et al., 2009; Rao et al., 2014; Topol et al., 2015; Weick et al., 2013). Our findings show 

that T21 induces chromosomal introversion, disrupts lamina-associated domains (LADs) and 

alters the genome-wide chromatin-accessibility of NPCs but not iPSCs. While the overall 

organization of A/B compartments and location of TAD-boundaries are conserved in NPCs 

harboring T21, we observe global loss of chromatin-accessibility within the A-compartment 

that is associated with transcriptional downregulation, and increased long-range chromatin 

interactions in the B-compartment that is associated with transcriptional upregulation. We 

find that these architectural changes are similar to those observed in senescent cells, and 

our transcriptional analysis confirms that differentially expressed genes (DEGs) identified in 

NPCs harboring T21 are highly correlated with DEGs identified in oxidative stress induced 

senescent cells. Finally, we demonstrate that the senolytic drug combination of dasatinib and 

quercetin alleviates the genome-wide transcriptional disruption, as well as deficits in cellular 

migration and proliferation observed in NPCs harboring T21.

Results

T21 induces chromosomal introversion in NPCs

To determine the consequences of T21 on the global 3D-genome organization we performed 

chromosome conformation capture (Hi-C) on an isogenic pair (euploid: Iso-E and trisomic: 

Iso-T cells derived from the same individual) of iPSCs and NPCs (Maclean et al., 2012), 

and identified ~2.5 billion unique interactions per cell type (Figure 1A-D; Table S1). 

We first sought to interrogate the consequences of T21 on the 3D-genome reorganization 

that occurs during differentiation of iPSCs to NPCs (Dixon et al., 2015). We observe 

significant gain and loss of both cis- and trans-chromosomal interactions in NPCs as 

compared to iPSCs in Iso-E during neural differentiation (Figure 1E), however, in Iso-

T we observe significant genome-wide reduction of trans-chromosomal interactions in 

NPCs as compared to iPSCs (Figure 1F). While T21 minimally impacted the global trans-

chromosomal interactions in iPSCs (Iso-E=19.82%±1.0 and Iso-T=21.72%±2.8, p-value= 

3.4x10−1) (Figure S1A and S1B), we observe a significant decrease in the fraction of trans-

chromosomal interactions in NPCs harboring T21 (Iso-E=21.55%±0.8 and Iso-T=15.85%

±1.2, p-value= 2.2x10−3) (Figure 1G and H; Table S2). To evaluate whether the altered 

distribution of chromosomal interactions induced by T21 in NPCs is conserved across 

individuals with DS, we established iPSCs from an additional pair of male individuals 

with euploid (Ma-E) and trisomic (Ma-T) karyotypes and differentiated the cells into 

NPCs (Figure S1C). Consistent with our findings from the isogenic pair, we observed that 

NPCs harboring T21 exhibit reduced trans-chromosomal interactions as compared to NPCs 

harboring a euploid karyotype (Ma-E=19.17%±0.5, Ma-T=16.19%±0.5, p-value=1x10−4) 

(Figure S1D and E). As expected, we observed increased signal from chromosome 21 

(HSA21) in both iPSCs and NPCs due to its triplication, however when normalized for the 

number of chromosomes we observed that loss of trans-chromosomal interactions in NPCs 

is distributed across all chromosomes, including HSA21 (Figure S1F; Table S3).

Decay of cis-chromosomal interaction frequency with distance is significantly altered 

in NPCs while remaining unchanged in iPSCs as a consequence of T21 (Figure S1l). 
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T21 harboring NPCs exhibited reduced longer-range interactions (>~1Mb) and increased 

shorter-range interactions (<~1Mb), whereas in the isogenic pair of iPSCs, the distribution 

of cis-chromosomal interactions remain unchanged. This reduction of longer-range cis 

chromosomal interactions and increase of shorter-range interactions was observed across 

all chromosomes including HSA21 of T21 NPCs but not iPSCs (Figure 1I–L and Figure 

S1J). On average we observe an ~20% increase of shorter-range (< 1MB) interactions 

in T21 NPCs as compared to euploid NPCs (Table S4). To ensure that the 3D-genome 

reorganization observed in NPCs is not confounded due to the normalization of T21, 

we repeated the analysis with the chromosome 21 reads removed and found similar 

genome-wide chromosomal introversion in T21-NPCs (Figure S1K–N). In conclusion, we 

observe that T21 induces loss of trans-chromosomal interactions and increased shorter-range 

(<1MB) cis-chromosomal interactions in NPCs but not in iPSCs.

T21 induces reorganization of intra-TAD interactions and chromosomal looping

The genome is organized into two compartments within the nucleus: the active (A) 

compartment which is localized towards the core of the nucleus and the inactive (B) 

compartment localized towards the nuclear periphery on the nuclear lamina (Lieberman-

Aiden et al., 2009). We found that T21 minimally impacts the classification of A/B 

compartments in both iPSCs and NPCs (Figure S2A–B; Table S5). A/B compartments are 

composed of multiple self-interacting structural units of the genome known as topologically 

associating domains (TADs) (Dixon et al., 2012; Nora et al., 2012; Rao et al., 2014) 

and we identified 5,559 and 4,731 in iPSC and NPC respectively (Table S6). These 

self-interacting domains facilitate the long-range interactions between promoters and distal 

regulatory elements. While T21 did not impact the intra-TAD interaction density (ID) of 

iPSCs, the intra-TAD ID of NPCs was significantly reorganized in trisomic (Iso-T) NPCs 

as compared to the euploid (Iso-E) NPCs, where 1,800 (~38%) TADs had significantly 

higher-ID and 389 (~8%) TADs had significantly reduced-ID (Figure 2A-D). Next, we 

performed an enrichment analysis (10 million randomized permutations) to assess whether 

the differentially interacting TADs preferentially localized to a specific compartment. We 

found that TADs with increased-ID were enriched in the B-compartment and unchanged 

TADs were predominantly localized in the A-compartment, however, the reduced-ID TADs 

were not enriched in either compartment (Figure 2E; Table S7). While the intra-TAD ID 

of ~46% of TADs were significantly altered, the directionality index and insulation score 

remained unchanged as a consequence of T21 in both iPSCs and NPCs, indicating a general 

maintenance of global chromatin architecture and TAD-boundaries (Figure S2C).

To interrogate the consequences of T21 on chromosomal looping we utilized arrowhead 

to identify all contact domains in iPSCs and NPCs. We identified 12,053 loops in iPSCs 

and 11,373 loops in NPCs: of these, 2,653 and 1,973 loops are unique to iPSCs and 

NPCs respectively (Figure 2F and S2D; Table S8). Differential chromosomal looping 

analysis revealed significant genome-wide reorganization of looping events in NPCs as a 

consequence of T21. We identified ~700 loops that were significantly reduced or lost in 

NPCs harboring T21 as compared to euploid NPCs, where 27 loops were only identified 

in euploid NPCs (z-score Iso-E = 17.75 and Iso-T = 0.84) and 672 were significantly 

reduced in T21 NPCs (z-score Iso-E = 64.46 and Iso-T = 32.46). Conversely, we identified 
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~3,800 loops significantly enhanced in NPCs harboring T21, with the appearance of 264 

de novo loops in Iso-T NPCs (z-score Iso-E = 2.19 and Iso-T = 33.97) and 3,494 loops 

were significantly increased in T21 harboring NPCs (z-score Iso-E = 30.75 and Iso-T = 

62.56). Additionally, enrichment analysis revealed that the chromosomal loops that were 

lost/reduced are predominantly localize to TADs with reduced-ID (p-value = 0.00596, 10 

million randomized permutations), and the de novo/increased loops were enriched in TADs 

with increased-ID (p-value = 0.00539, 10 million randomized permutations) (Figure 2E; 

Table S7). In summary, we find that T21-induced introversion is predominantly localized 

within the inactive B-compartment.

Disruption of nuclear lamina is associated with increased intra-TAD interactions

Reorganization of the nuclear-architecture in T21 NPCs, specifically the gain of shorter-

range interactions associated with chromosomal introversion, significantly impacts the 

B-compartment. The B-compartment of the genome is localized towards the nuclear 

periphery on the nuclear lamina and is enriched for the heterochromatin histone modification 

H3K9me3 (Shevelyov and Ulianov, 2019). To interrogate the consequences of T21 on 

the organization of the nuclear lamina we utilized immunofluorescence to label LMNB1 

and H3K9me3. While we observed an overall maintenance of the nuclear envelope and 

heterochromatin organization in T21 iPSCs (Figure S3A-C; Table S9), we observed 

decreased levels of LMNB1 in NPCs harboring T21 (Iso-T) as compared to the euploid 

(Iso-E) NPCs (Figure 3A and 3B). The global intensity of H3K9me3 was unchanged in both 

iPSCs and NPCs harboring T21 (Figure S3C and S3D), however, we observed an increased 

number of H3K9me3 aggregates within the nuclei of Iso-T NPCs as compared to Iso-E 

NPCs, and this was unchanged in iPSCs (Figure S3E and S3F).

To interrogate whether B-compartment TAD-introversion is associated with disruption of 

the nuclear lamina we performed ChIP-seq for LMNB1 in the isogenic pair of NPCs 

(Figure S3G). We identified 949 lamina-associated domains (LADs), which associated with 

~ 53% of the genome, and from these we observed ~7% of the LADs (113Mb) are lost 

and <1% (10Mb) are gained in Iso-T NPCs harboring as compared Iso-E NPCs (Figure 

3C and S3H; Table S10). As expected, enrichment analysis of LAD intensity shows that 

the A-compartment is depleted for LMNB1 association in both Iso-E and Iso-T NPCs (r 

= 0.4134) (Figure S3I), whereas the B-compartment was highly enriched for regions of 

the genome that are associated with LMNB1 in both Iso-E and Iso-T NPCs (r = 0.4267) 

(Figure 3D; Table S11). Additionally, LMNB1 occupancy was significantly (p-value < 104) 

reduced in the B-compartment of Iso-T NPCs as compared to Iso-E NPCs. Next, we sought 

to interrogate if differentially interacting TADs have altered LAD enrichment and found 

that TADs with increased-ID have significantly lower LMNB1 enrichment as compared to 

TADs with reduced-ID or unchanged-ID genome-wide (Figure 3E-F and S3J-O; Table S12). 

In conclusion we observe that the TADs within the B-compartment that have increased 

intrachromosomal interactions have a significant reduction of LMNB1 association in Iso-T 

NPCs as compared to Iso-E NPCs.
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T21 induced transcriptional upregulation is associated with chromosomal introversion

To examine the relationship between T21 associated nuclear-architecture reorganization 

and the transcriptome we performed RNA-sequencing of iPSCs (isogenic pair) and NPCs 

derived from the isogenic pair as well as NPCs derived from individuals with DS (female 

(Fe-T) and male (Ma-T)) and euploid controls (female (Fe-E) and male (Ma-E)) (Figure 4A 

and Figure S1C). Principal component analysis showed that transcriptionally, NPCs derived 

from the different individuals segregate by karyotype on the first principal component 

(Figure S4A). We observed that T21 had a greater impact on the NPC transcriptome than 

the transcriptome of iPSCs: NPCs exhibited 1,869 downregulated and 2,724 upregulated 

differentially expressed genes (DEGs) (FDR < 0.01, log2 fold change > 0.5 or < −0.5), 

while iPSCs exhibited 102 downregulated and 423 upregulated DEGs (Figure 4B and C; 

Table S13 and S14). Comparison of the DEGs identified in NPCs derived from the different 

individuals (pairwise comparisons of Iso-T vs. Iso-E, Fe-T vs. Fe-E, and Ma-T vs. Ma-E) 

showed a significant concordance of the upregulated and downregulated genes identified as 

a consequence of T21 after running 10 million randomized permutations of the expression 

data (Figure S4B; Table S15 and S16). To ensure that the genome-wide disruption observed 

in NPCs is not due to normalization of T21, we repeated our differential analysis of 

the isogenic pair after removing all reads originating from chromosome 21 and observed 

genome-wide transcriptional disruption similar to what we observe in the presence of 

chromosome 21 (Figure S4C). While both iPSCs and NPCs exhibited upregulation of ~25% 

of the genes expressed on HSA21, NPCs showed disruption of ~20% (8.5% downregulation 

and 11.6% upregulation) of expressed genes on all of the other chromosomes. In contrast, 

iPSCs only exhibited alterations of ~3% (0.6% downregulation and 2.6% upregulation) of 

the expressed genes on all of the other chromosomes (Figure S4D and E).

In both iPSCs and NPCs we found that the A and B compartments are composed of 

similar genome sizes and as expected, the majority of expressed genes are located in the 

A-compartment (~80% and ~76% of expressed genes in iPSCs and NPCs respectively) 

while the remaining ~20% (iPSCs) and ~24% (NPCs) of expressed genes are located in the 

B-compartment (Table S17). However, we found that the DEGs identified in NPCs were 

distinctly segregated into the two compartments, with downregulated genes predominantly 

located in the A-compartment and upregulated genes enriched in the B-compartment (Figure 

4D; Table S18 and S19). We found that TADs with increased interaction densities and 

increased looping events are enriched for upregulated genes and are predominantly located 

in the B-compartment (randomized permutations p-value<1x10−07) (Figure 4E and S4F-

G; Table S20-22). Additionally, we find that the regions with reduced nuclear lamina 

association as a consequence of T21 are enriched for upregulated genes (Figure S4F). 

Conversely, TADs with reduced-ID in T21 NPCs are enriched for downregulated genes 

and are not enriched in either compartment (randomized permutations p-value<1x10−07). 

Although the A-compartment is predominantly enriched for downregulated genes we 

observed that this compartment is predominantly enriched for TADs with unchanged-ID 

(randomized permutations p-value <1x10−07), suggesting that the downregulation of genes 

observed in the A-compartment are independent of altered long-range promoter-enhancer 

interactions.
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Gene ontology analysis of iPSC DEGs showed enrichment of downregulated genes 

involved in biological processes such as GPCR signaling, receptor binding regulation and 

cellular migration, while upregulated genes were enriched for extracellular matrix (ECM) 

organization, regulation of developmental processes and immune activation (Figure S4I 

and S4J; Table S23). In NPCs, we observed downregulated genes were enriched for 

nuclear associated biological process (chromosome organization, cell cycle regulation, 

DNA-damage response, telomere maintenance, nuclear transport and mRNA-splicing), 

as well as apoptosis, cell proliferation and differentiation (Figure S4K). Conversely, 

upregulated genes were enriched for biological process associated with ECM organization, 

cell migration, cell adhesion, secretion by cell, response to endogenous stimuli and 

intracellular signaling associated biological processes (Figure S4L). Next, we focused on 

those DEGs localized within differential ID TADs and found that downregulated genes 

within reduced-ID TADs were enriched for brain development associated processes, whereas 

upregulated genes localized within increased-ID TADs were predominantly enriched for 

biological processes involving cell migration, cell adhesion and ECM organization (Figure 

4F and G). While the downregulated genes within unchanged-ID TADs were associated 

with transcriptional regulation and brain development (Figure 4H), we do not capture a 

significant proportion of the downregulated biological processes in T21 NPCs, such as those 

associated with nuclear processes like chromosome organization and cell cycle regulation 

(Figure S4K). In summary, upregulated genes were enriched in B-compartment TADs with 

increased-ID and TADs with reduced-ID were enriched for downregulated genes located 

primarily in the A-compartment. However, the mechanism underlying the downregulation of 

genes localized within unchanged-ID TADs remains unknown.

T21 induced reduction of chromatin-accessibility is associated with dysfunction of nuclear 
processes

Posttranslational modifications of histone H3 are tightly linked to the regulation of gene 

expression, and past mutagenesis studies have indicated that dysfunction in this pathway 

causes cell proliferation and migration defects resulting in abnormal brain development 

(Hsu et al., 2000; Kang et al., 2007; Montgomery et al., 2009; Sun et al., 2018; 

Whetstine et al., 2005; Zhang et al., 2014a; Zinovyeva et al., 2006). Our transcriptional 

analysis showed a significant number of the downregulated genes in trisomic NPCs 

impact chromatin modifications on histone H3, including histone deacetylases (HDAC1 and 

HDAC2), polycomb-group proteins (EZH2 and EED), histone acetyltransferase (KAT2A), 

as well as the eukaryotic protein kinases AURKB and VRK1 (Figure S5A). To assess the 

post-translational modification landscape of the histone H3 residues, we performed global 

chromatin profiling (GCP), a targeted mass-spectrometry based assay that quantifies histone 

post-translational modifications in bulk chromatin (Figure S5B; Table S24) (Jaffe et al., 

2013). Comparison of the isogenic pair of NPCs (Iso-E and Iso-T) showed a significant 

reduction of the mitotic marker H3 serine-10 phosphorylation (H3S10p), consistent with 

previous studies indicating reduced cellular proliferation in DS (Contestabile et al., 2009; 

Contestabile et al., 2007; Guidi et al., 2011; Moldrich et al., 2009). While we did not 

identify any significant changes to chromatin states that typically demarcate promoters 

or enhancers (H3 lysine-4 mono-methylation (H3K4me) and tri-methylation (H3K4me3) 

respectively), we observed reduction in H3 lysine-23 acetylation (H3K23ac) and increase 

Meharena et al. Page 8

Cell Stem Cell. Author manuscript; available in PMC 2023 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in H3 lysine-27 acetylation (H3K27ac), H3 residues associated with chromatin and 

transcriptional activity, potentially indicating a relationship between the observed genome-

wide transcriptional changes and overall chromatin state (Allis and Jenuwein, 2016; Klemm 

et al., 2019; Lane et al., 2014; Liu et al., 2016; Lu et al., 2015).

To assess the consequences of T21 on the genome-wide chromatin state, we utilized the 

assay for transposase-accessible chromatin using sequencing (ATAC-seq) on the isogenic 

pair of iPSCs and NPCs (Buenrostro et al., 2013). We found that while T21 minimally 

impacts the chromatin state of iPSCs (~1.6% of the accessible chromatin), ~20% of the 

accessible chromatin is altered as a consequence of T21 in NPCs with an FDR < 0.01 

(Figure 5A and B; Table S25), a level of chromatin state alteration that has recently been 

observed in astroglia derived from individuals with DS (Bally et al., 2020). We identified 

18,304 differentially accessible regions (DARs) in NPCs harboring T21 (14,814 more 

accessible and 3,490 less accessible). As expected, due to the chromosomal triplication, 

HSA21 is more permissive to transposase in both T21 iPSCs and NPCs (Figure S5C and 

D). Additionally, in T21-NPCs we observed that all other chromosomes harbor regions 

with both increased and decreased chromatin-accessibility, comparable to the distribution of 

DEGs across the chromosomes (Figure S4D and E). To confirm this genome-wide disruption 

of chromatin-accessibility is not associated with normalization of T21 we repeated the 

normalization and differential analysis in the absence of chromosome 21 and we observed 

3,419 regions with reduced accessibility and 14,605 of with increased accessibility, FDR < 

0.01 (Figure S5E). Both differential gene expression and differential accessibility analysis of 

NPCs indicate increased transcriptional activity in T21-NPCs harboring (Figure 4C and 5B). 

To asses if the transcriptional upregulation and increased accessibility is associated with 

increased nascent RNA expression we labeled nascent transcripts in live NPCs via a 5 min 

EUTP pulse and quantified EU-RNA fluorescence. We observe an ~20% increase in nascent 

RNA levels in Iso-T as compared to Iso-E NPCs (Figure S5F and G; Table S27).

To gain an understanding of the histone modifications associated with the DARs identified 

in T21 NPCs, we utilized published ChIP-seq data from H1-derived NPCs deposited in 

ENCODE (Hawkins et al., 2010). While less accessible regions are equally distributed 

on H3K4me3, H3K4me, H3K27ac, H3K23ac and regions not-marked by any of these 

modifications, the more accessible regions are predominantly localized on regions with 

H3K4me and regions that are not-marked (Figure S5H; Table S28). However, global 

enrichment analysis (10 million randomized permutations) of DARs on promoters, exons, 

introns and intergenic regions (GENCODE GRCh37) revealed that less accessible regions 

are significantly enriched on promoters and exons, whereas, the more accessible regions 

are significantly depleted on promoters and exons, and neither the less or more accessible 

DARs are significantly enriched on introns and intergenic regions (Figure 5C; Table 

S28). Consistent with these findings we observe that the less accessible regions are 

enriched for the promoter marker H3K4me3 as well as chromatin activity associated 

markers such as H3K27ac and H3K23ac (Figure S5H and S5I; Table S28). We found a 

significant concordance between the less accessible promoters and downregulated genes 

and globally we observe that less accessible regions are predominantly localized to 

the A-compartment (Figure 5D and S5J; Table S29 and 30). The biological processes 

associated with these downregulated genes with reduced promoter-accessibility includes 
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cell cycle regulation, transcriptional regulation, mRNA-splicing and chromatin organization, 

the biological processes not associated with the 3D-genome re-organization (Figure S5K). 

While we observe a significantly higher number of more accessible regions genome-wide 

this increased chromatin-accessibility is not specific to any annotated genomic regions.

Motif analysis of the less accessible regions in Iso-T NPCs revealed significant enrichment 

of TF-binding motifs for SP1 (p-Value = 1e−44) and NFY (p-Value = 1e-41) (Figure 5E 

and F). NFY and SP1 are transcription factors involved in the regulation of cell cycle 

and proliferation (Benatti et al., 2011; Grinstein et al., 2002; Oh et al., 2007; Zhang et 

al., 2014b). While the accessibility of regions harboring the SP1 and NFY motifs are 

reduced, the transcript levels of SP1 and the different isoforms of NFY (NFYA, NFYB and 

NFYC) remain unchanged in T21-NPCs (Figure S5L). The downregulated gene promoters 

with less accessible SP1 motifs are enriched for biological processes involved in cell 

cycle, gene expression regulation, RNA splicing, nucleosome assembly and DNA damage 

response, whereas the downregulated genes with less accessible promoters harboring the 

NFY motifs are associated with transcriptional regulation, mRNA metabolic processes and 

cellular senescence (Figure 5G and H). Overall, our findings indicate that the biological 

process disrupted by T21 are driven by three disruptions in chromatin organization: 1) brain 

development associated downregulated genes are predominantly localized within reduced-ID 

TADs, 2) cell migration associated upregulated genes are localized within increased-ID 

TADs, and 3) cell proliferation, transcriptional regulation and chromosomal organization 

related downregulated genes are associated with reduction of promoter-accessibility (Figure 

4F, 4G and S5K).

T21 induces NPC senescence

Chromosomal introversion, disruption of LADs, and genome-wide alterations of the 

transcriptome and chromatin state have been identified as key features of senescent cells, 

similar to our observations in NPCs harboring T21 (Criscione et al., 2016; Hernandez-

Segura et al., 2017; Lenain et al., 2017; Parry et al., 2018; Sati et al., 2020; Zirkel 

et al., 2018). Senescence is a stress response that quenches the proliferative capacity 

of cells and is predominantly associated with cellular aging (Hayflick and Moorhead, 

1961). Studies have shown increased senescent amniocytes and trophoblasts in placental 

samples from pregnancies with DS (Biron-Shental et al., 2015) ), however T21-induced 

senescence in the developing brain of individuals with DS remain unknown. To assess 

whether NPCs harboring T21 undergo senescence we performed senescence associated 

β-galactosidase staining and observed a ~15-fold increase (p-value = 0.001) in the number 

of senescent cells in Iso-T NPCs as compared to Iso-E NPCs (Figure 6A and B; Table 

S32). Additionally, we observed increased immunofluorescence of HP1-alpha and decreased 

levels of HMGB1 and of the H3K27me3 similar to what has been observed in senescent 

cells (Figure S6A and B; Table S33) (Zirkel et al., 2018). To confirm that T21-NPCs do not 

undergo premature differentiation we compared our RNA-seq data from iPSCs and NPCs 

with previously published datasets from iPSC-derived neurons, and NPC derived astrocytes 

and oligodendrocytes. We observed that NPCs harboring euploid and T21 transcriptionally 

cluster together and separate from all other cell types (Figure S6C) (Garcia-Leon et al., 

2018; Lin et al., 2018; Tcw et al., 2017). Additionally, we stained for the astrocytic marker 
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GFAP, a senescence marker p16INK4a and the intermediate filament marker vimentin. We 

observed that NPCs harboring both euploid and T21 do not express GFAP as compared to 

NPC-derived astrocytes, and morphologically these NPCs are markedly different from NPCs 

which is shown with Vimentin staining (Figure S6D and E). However, T21-NPCs have a 

significantly higher level of p16INK4a, indicating that T21-NPCs that express senescence 

markers do not undergo premature differentiation.

To assess the global transcriptional alteration similarities between T21 and senescent 

cells, we utilized previously published transcriptomic data where senescence was induced 

through oxidative stress (oxidative stress induced senescence (OSIS)), replicative stress 

(replicative senescence (RS)), radiation ionization (stress-induced premature senescence 

(SIPS)), overexpression of RAS (oncogene induced senescence (OIS)) and HMGB2 

knockdown induced senescence (HMGB2-KD) (Alspach et al., 2014; Borras-Fresneda et 

al., 2016; Casella et al., 2019; Crowe et al., 2016; Herranz et al., 2015; Marthandan et al., 

2014; Nelson et al., 2016; Sati et al., 2020; Zirkel et al., 2018). Correlation analysis (10 

million randomized permutations) of DEGs identified in T21 iPSCs from our study (Iso-E 

and Iso-T) as well as from previously published dataset (Gonzales et al., 2018) showed a 

lack of correlation between DEGs identified in iPSCs and the various forms of senescence 

induction (Figure 6C; Table S34 and S35). In contrast, the DEGs identified in T21-NPCs 

(isogenic pair, female pair and male pair) had the highest correlation with the DEGs 

identified OSIS (10 million randomized permutations p-value < 1x10−07) and to a lesser 

extent with RS and SIPS. We found that T21 induced a marked expression increase of the 

senescence-associated cyclin-dependent kinase inhibitors (p16, p15 and p21), upregulation 

of senescence-associated secretory phenotype (SASP) genes (CXCL12, MMP24, MMP25 

and LAMB1) and decreased expression of nuclear markers of senescence (LMNB1, P53, 

HMGB1 and HMGB2) similar to senescent cells induced through the various mechanisms, 

particularly OSIS and RS (Figure 6D; Table S34).

To identify the DEGs associated with senescence in T21-NPCs we focused our analysis 

on the DEGs identified through OSIS. We observe a significant overlap (randomized 

permutations p-value<1×10”07) between DEGs identified in T21-NPCs and OSIS, where 

426 genes were downregulated and 584 genes are upregulated in both and hereafter 

referred to as senescence-associated (SA) DEGs (Figure 6E; Table S34). Next, we 

performed an enrichment analysis of the SA-DEGs identified in T21-NPCs and identified 

a significant enrichment of SA-downregulated genes in reduced-ID TADs (log2(obs/exp) 

= 1.17, p-value < 1x10−7), SA-upregulated genes in increased-ID TADs (log2(obs/exp) 

= 0.62, p-value < 1x10−7) and a modest but significant enrichment (log2(obs/exp) = 

0.32, p-value = 0.00083) of SA-downregulated genes with less accessible promoters 

(Figure 6F; Table S35). The biological process associated with the SA-downregulated 

genes are predominantly involved in cell differentiation, proliferation and chromosome 

organization, whereas the SA-upregulated genes are associated with cell migration, vesicle 

mediated transport and inflammatory response (Figure 6G and H). The downregulated 

genes uniquely identified in T21-NPCs are involved in biological process associated 

with embryonic development, cell signaling and transcriptional regulation, conversely the 

downregulated genes uniquely identified in OSIS are associated with cell division, cell 

adhesion, chromosome organization, signal transduction and axon guidance (Figure S6G 
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and H). Conversely, the upregulated genes uniquely identified in T21-NPCs are involved in 

cell differentiation, cell morphogenesis and chemotaxis, and the upregulated genes uniquely 

identified in OSIS are associated endoplasmic stress, cytokine signaling, phosphorylation, 

vesicle mediated transport and immune response (Figure S6I and J). In summary, our 

findings indicate that T21-NPCs exhibit features of senescent cells such as expression of 

senescent markers and a global transcriptional signature similar to OSIS.

Senolytics ameliorate the T21 induced phenotype in NPCs

Lifespan extension studies have identified senolytic drugs that could potentially reverse, 

delay or prevent aging associated diseases through selective removal of senescent cells 

(Serrano and Barzilai, 2018; Xu et al., 2018; Yousefzadeh et al., 2018; Zhu et al., 2017; 

Zhu et al., 2015). Early clinical trials utilizing a senolytic drug combination of a protein 

kinase inhibitor and an antioxidant, dasatinib and quercetin, have shown positive results in 

ameliorating the senescence-associated features in individuals with diabetic kidney disease 

(Hickson et al., 2019). Furthermore, studies indicate that senolytic drugs not only selectively 

remove senescent cells but also alleviate the transcriptional and heterochromatin architecture 

changes induced during senescence (Geng et al., 2019). Whole chromosome aneuploidies 

associated with aging and cancer, have been shown to induce premature cellular senescence 

(Andriani et al., 2016; Czarkwiani and Yun, 2018; Santaguida et al., 2017), however, T21-

induced senescence and the beneficial impact of senolytic drugs remain unexplored. Thus, 

we investigated the consequences of treating human iPSC-derived NPCs harboring T21 

with the senolytic drug combination of dasatinib and quercetin (DQ). The isogenic pair of 

NPCs were treated with either DQ (400nM of dasatinib and 15μM of quercetin) or vehicle 

(DMSO) for 5 days with daily replacement of culture media supplemented with the senolytic 

cocktail or vehicle (Figure 7A). First, we assessed the level of p16INK4a, a key marker of 

cellular senescence, in the isogenic pair of NPCs after treatment with DQ or DMSO (Figure 

7B and C; Table S37). We observed that DQ treatment significantly reduced the elevated 

level of p16INK4a observed in the vehicle-treated Iso-T NPCs to those observed in vehicle-

treated euploid NPCs (ANOVA p-value=1.2x10−2). Next, we interrogated the consequence 

of senolytic drugs on heterochromatin architecture in NPCs harboring T21 (Figure 7D). 

We found that 5 days of DQ treatment restored the heterochromatin distribution to similar 

levels observed in the euploid NPCs, as measured by the colocalization of H3K9me3 and 

LMNB1 (ANOVA p-value= 4.7x10−3) (Figure 7E; Table S38). Moreover, we observed that 

DQ treatment of Iso-T NPCs increased the LMNB1 levels to similar levels as observed in 

the Iso-E NPCs (ANOVA p-value= 2.4x10−4) (Figure 7F; Table S39).

Subsequently, we sought to explore the impact of senolytic treatment on the transcriptome 

of NPCs harboring T21. RNA-sequencing revealed that ~54% of the DEGs induced by T21 

in NPCs were ameliorated after 5 days of DQ treatment of trisomic NPCs (Figure S7A; 

Table S40). Clustering of the DEGs identified 8 clusters: 2 clusters where gene expression 

was rescued to the same transcriptional levels as the euploid NPCs (clusters I and II), 2 

clusters where gene expression changes were mitigated (cluster III and IV), 2 clusters with 

de novo changes in transcriptional levels (cluster V and VI), and 2 clusters that remained 

unchanged after DQ treatment (cluster VII and VIII) (Figure 5G). The de novo upregulated 

genes (cluster VI) represent a small percentage of the transcriptional changes induced 
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by DQ treatment (<9%) and include a transcriptional response to the antioxidant activity 

of quercetin as well as neuronal apoptosis in response to the senolytic activity of DQ, 

indicating that NPCs harboring T21 are responsive to senolytic drug treatment. Analysis of 

apoptotic cells after 6hrs of DQ treatment revealed that only Iso-T NPCs have a significant 

increase of apoxin positive cells (p-value = 0.0004) (Figure S7B; Table S41).

We also observed amelioration of a significant number of genes associated with cell cycle 

regulation upon DQ treatment of T21 NPCs (cluster III). Notably, cell cycle dysfunction 

during neurodevelopment is a hallmark of DS (Contestabile et al., 2009; Contestabile et 

al., 2007). To examine cell cycle dynamics in T21 NPCs, we utilized a 2-hour BrdU 

incorporation to label newly replicated/synthesized DNA (a marker of S-phase cells) 

coupled with Ki-67 staining, a marker of all cycling cells irrespective of cell cycle 

phase (Figure S7C and D). After DQ treatment of trisomic NPCs, the proportion of 

proliferative (Ki-67+ and SOX1+) NPCs was rescued to the same levels as euploid NPCs 

(Iso-E(veh)=62.1%, Iso-T(veh)=44.9% and Iso-T(DQ)=73.1%, ANOVA p-value= 2.9x10−) 

(Figure S7E; Table S41). Furthermore, analysis of the NPCs that have traversed through 

S-phase (BrdU+ and SOX1+) in the 2 hour BrdU incorporation window showed that cycling 

NPCs harboring T21 had a significant reduction in S-phase cells (Iso-E(veh)=25.3% and 

Iso-T(veh)=13.4%, Tukey’s padj<1.0x10−4), similar to what has previously been observed in 

the developing brain of individuals with DS (Fig S7F; Table S42) (Contestabile et al., 2009; 

Contestabile et al., 2007). However, DQ treatment rescued the percentage of Iso-T NPCs 

that traversed through S-phase (Iso-T(veh)=26.7%) to comparable levels as those observed 

in euploid NPCs (Tukey’s padj=1.0x10−4).

Senolytic treatment also rescued the transcriptional levels of genes upregulated in NPCs 

harboring T21 that are involved in processes associated with ECM organization, cell-

adhesion and cell migration, to similar levels as the euploid NPCs (cluster II). Further, 

we observed that DQ treatment resulted in de novo downregulation of genes involved in 

ECM organization and cell migration that were not previously altered as a consequence of 

DS (cluster V) (Figure 7G). Thus, we explored the impact of senolytic treatment on the 

migratory abilities of NPCs harboring T21, a process disrupted in DS as well as in senescent 

cells (Huo et al., 2018; Romanov et al., 2010). To interrogate the consequences of senolytics 

on the cellular migration of NPCs harboring T21, we treated the isogenic pair of NPCs with 

either vehicle or DQ for 5 days in a monolayer culture system (Figure S7G). Next, NPCs 

were allowed to self-aggregate into neurospheres for an additional 5 days without vehicle 

or DQ (Day 5-10), before embedding them into 3D-Matrigel scaffold (Figure S7H). After 

3 days (Day 13) the embedded neurospheres were stained for the NPC marker SOX1 and 

the number of migratory cells as well as the distance traveled by each cell from the edge 

of the neurosphere were assessed (Figure S7I). We found DQ treatment of NPCs harboring 

T21 rescued both the average number of migratory cells per neurosphere (ANOVA p-value 

< 1.0x10−4), as well as the average distance migrated by NPCs away from the edge of the 

neurosphere (ANOVA p-value < 1.0x10−4) (Figure S7J and K; Table S43).

Next, we sought to characterize the genes impacted by senolytic treatment in terms of 

chromatin-accessibility and TAD organization. We identified that the genes downregulated 

in NPCs as a consequence of T21 and upregulated by DQ (clusters I and III) were enriched 

Meharena et al. Page 13

Cell Stem Cell. Author manuscript; available in PMC 2023 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for the genes with reduced promoter-accessibility (log2(obs/exp) = 1.28, p-value < 1×10−7), 

whereas genes upregulated as a consequence of T21 and downregulated after treatment with 

DQ (clusters II and IV) are predominantly localized in increased-ID TADs (log2(obs/exp) = 

0.37, p-value < 1x10−7) (Figure 7I; Table S44). The de novo downregulated (cluster V) and 

upregulated (cluster VI) genes as a consequence of treating with DQ were both enriched for 

genes with reduced promoter-accessibility as a consequence of T21. The upregulated genes 

as a consequence of T21 and that remained upregulated after treating with DQ (cluster VIII) 

were localized in increased-ID TADs (log2(obs/exp) = 0.42, p-value < 1x10−7), whereas the 

downregulated genes that were not impacted by DQ (Cluster VII) were enriched in reduced-

ID TADs (log2(obs/exp) = 0.71, p-value < 1x10−7) and genes with less accessible promoters 

(log2(obs/exp) = 0.8, p-value < 1x10−7). Moreover, we observe that ~20% of downregulated 

(clusters I/III) and ~30% of upregulated genes (clusters II/IV) ameliorated by senolytic drug 

treatment are SA-DEGs (Figures S7L; Table S45). The ameliorated SA-DEGs are involved 

in biological process predominantly associated with cell cycle regulation (clusters I/III) and 

cell migration (clusters II/IV) (Table S45).

To interrogate whether senolytics directly impact the transcriptome of non-senescent cells 

we treated euploid NPCs with DQ for 5 days and performed RNA-seq. We identified 338 

upregulated and 509 downregulated genes in Iso-E NPCs treated with DQ (Figure 7J; Table 

S46). We observed that the upregulated genes identified in DQ-treated Iso-E NPCs were 

predominantly enriched for biological processes associated with response to oxidative stress 

which is expected due to the antioxidant activity of quercetin (Figure S7M). Conversely, 

we observed that many of the key biological processes associated with genes upregulated in 

NPCs harboring T21 were downregulated in euploid NPCs treated with DQ, such as ECM 

organization, cell migration, cell differentiation and chemotaxis (Figure S7N) (Xu et al., 

2016). Accordingly, DQ treatment of Iso-E NPCs significantly increased the average number 

of migratory cells per neurosphere as well as the average distance migrated by Iso-E NPCs 

away from the edge of the neurosphere (Figure S7J and K; Table S43). Finally, we observed 

that DQ treatment of euploid NPCs induced downregulation of genes localized to increased-

ID TADs in T21 NPCs (log2(obs/exp) = 0.34, p-value = 8.3x10−5), the region of the genome 

that harbors many of the genes found to be upregulated in T21-NPCs (Figure 7J; Table S46). 

Whereas the genes upregulated in DQ-treated euploid NPCs are predominantly enriched 

in the TADs with unchanged-ID (log2(obs/exp) = 0.4, p-value < 1x10−7) and that exhibit 

reduced promoter-accessibility in T21 NPCs (log2(obs/exp) = 0.95, p-value < 1x10−7). In 

summary, senolytic drug treatment of NPCs harboring T21 reduced the number of senescent 

cells, alleviated the heterochromatin architecture changes, ameliorated the genome-wide 

transcriptional disruption, mitigated the cell migration deficits and increased the population 

of proliferative cells.

Discussion

Triplication of chromosome 21 (T21) impacts the brain development of nearly every 

individual with DS and currently it is estimated that more than 400,000 individuals live 

with this condition in United States alone (Joslyn et al., 2019; Presson et al., 2013). 

Studies utilizing human derived tissue samples and DS mouse models, leveraging next 

generation sequencing have established that T21 induces genome-wide transcriptional 
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disruption in addition to the gene dosage dependent transcriptional upregulation (Bianco 

et al., 2016; Gonzales et al., 2018; Letourneau et al., 2014; Olmos-Serrano et al., 2016; Tyler 

and Haydar, 2013; Walus et al., 2016). However, the underlying molecular mechanisms 

contributing to an altered global transcriptional profile as a consequence of T21 were 

unknown. Here we utilized human iPSCs and iPSC-derived forebrain NPCs to decode the 

molecular mechanisms underlying these genome-wide transcriptional changes. While both 

iPSCs and NPCs exhibit a similar level of dosage-dependent transcriptional upregulation 

of a subset of expressed genes on HSA21, unexpectedly, we find that T21 has a distinct 

genome-wide impact on the transcriptome, epigenome and 3D-genome of NPCs that is 

absent in iPSCs. Even though a cell-type specific response to T21 is expected from the 

organ specific etiologies observed in DS (Weijerman and de Winter, 2010), the mechanisms 

governing this cell-type specific response remain unclear and require further studies to fully 

elucidate this distinct response to T21.

Globally, we observe chromosomal introversion in NPCs harboring T21, where every 

chromosome has reduced interactions with other chromosomes and increased self-

interactions as compared to euploid NPCs. Furthermore, this increase in chromosomal 

self-interactions occurs within TADs, where promoter-enhancer interactions are typically 

observed (Robson et al., 2019). The genome is organized into two compartments: the 

active (A) compartments which is predominantly localized towards the core of nucleus, 

and the inactive (B) compartment which is anchored to the nuclear lamina on the nuclear 

periphery (Lieberman-Aiden et al., 2009). In T21 NPCs, the chromosomal introversion 

is predominantly observed in regions of the genome associated with the nuclear lamina 

(B-compartment) and this feature is associated with disruption of LADs which leads to 

intra-nuclear B-compartment bundles. In NPCs harboring T21, we find that the genome-

wide transcriptional upregulation is enriched within TADs in the B-compartment that 

have increased chromosomal interaction densities. Conversely, in the A-compartment we 

observed that T21 reduced the chromatin-accessibility on promoters harboring SP1 and 

NFY motifs which are associated with the observed transcriptional downregulation in NPCs 

harboring T21. We find that the biological processes disrupted in T21 NPCs are defined 

by distinct structural alterations. While downregulated genes involved brain-development 

associated biological processes are predominantly localized within TADs with reduced-ID, 

the upregulated genes involved in cell migration are localized within TADs with increased-

ID, and the downregulated genes involved in cell proliferation and chromosome organization 

are associated with loss of chromatin-accessibility.

Currently, there are no therapeutic interventions for individuals with DS and recent studies 

in the field of aging research have established promising therapeutic avenues targeting 

senescent cells (Kirkland et al., 2017). Senolytic drugs not only eliminate senescent 

cells but also restore key cellular and molecular hallmarks associated with senescence 

in various diseases including Alzheimer’s disease, a comorbidity in individuals with DS 

(Geng et al., 2019; Head et al., 2012; Zhang et al., 2019). Chromosomal introversion 

and disruption of the nuclear lamina are key features of senescence (Criscione et al., 

2016; Zirkel et al., 2018), and our transcriptional analysis from three different individuals 

with DS revealed that NPCs harboring T21 exhibit a transcriptional profile that resembles 

senescence, and display several key senescence-associated phenotypes such as elevated 
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levels of SA-β-galactosidase, p16INK4a and HP1a. Furthermore, similar to what has been 

observed with other senescence induction mechanisms we observe heterogeneity in the 

NPC population entering deep senescence, which may indicate a temporal propagation of 

senescence and eliminating these cells may have beneficial consequences (Bourgeron et al., 

2015; Kirschner et al., 2020; Kumari and Jat, 2021; Xu and Teixeira, 2019). We find that 

treating NPCs harboring T21 with the senolytic drug combination of dasatinib and quercetin 

ameliorated the senescence-associated genome-wide transcriptional and heterochromatin 

architecture disruptions. Moreover, treatment with senolytics also restored the migratory 

and proliferative capacity in T21 NPCs, which are hallmark dysfunctions of the developing 

brain in individuals with DS (Chakrabarti et al., 2007). Our studies show that in addition 

to the elimination of senescent cells, senolytic drugs directly impact the transcriptome 

vulnerable to T21, indicating that senolytic drugs have the potential to serve as therapeutic 

opportunities for individuals with DS.

Recent studies have shown that senescence is a common feature of normal development 

(Munoz-Espin et al., 2013; Storer et al., 2013; Vasey et al., 2008), however, our findings 

suggest that excessive NPC-senescence induced by T21 could be a key feature driving the 

neurodevelopmental abnormalities observed in individuals with DS. Studies have shown 

that the most impacted regions of the developing brain in individuals with DS are the 

hippocampus and cerebellum (Contestabile et al., 2009; Contestabile et al., 2007; Guidi et 

al., 2011).). In both the cerebellum and hippocampus, neurogenesis continues to occur in 

the very early postnatal period, and additionally, hippocampal neurogenesis continues at a 

slower rate throughout life, providing a window of opportunity for therapeutic intervention 

(Stagni et al., 2015). Furthermore, studies have shown that neurons and glial cells are 

susceptible to senescence during aging and Alzheimer’s disease, and individuals with DS 

are prone to premature aging and developing early-onset Alzheimer’s disease (Bussian et 

al., 2018; Horvath et al., 2015; Martinez-Cue and Rueda, 2020; Zhang et al., 2019). These 

findings indicate that senolytics may have beneficial therapeutic properties for adults with 

DS as well, however, further studies are required to explore T21-induced senescence in more 

mature cell types of the adult human brain.

In summary, our findings indicate that senescence may play a key role in the 

neurodevelopmental pathogenesis of DS and we show that senolytics provide an exciting 

therapeutic avenue for treating individuals with DS by restoring NPC-dysfunctions induced 

by T21. Furthermore, the identification of the molecular mechanisms governing senescence-

associated genome-wide transcriptional disruption opens potential opportunities for the 

identification of therapeutic interventions targeting senescent cells in numerous disorders.

Limitations of study

The iPSCs and NPCs generated for this study originated from individuals that deceased at a 

very young age, indicating the severity of trisomy 21 in these individuals and thus samples 

derived from older or non-deceased individuals may yield a milder phenotype than described 

in this study. There are currently several approaches for generating iPSCs and NPCs as 

well as identifying chromatin accessibility, lamina-associated domains and spatial chromatin 

organization and thus utilizing these different approaches or sampling at different time 
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points may yield varying results to those described in this manuscript. While we compared 

NPCs derived from both male and female patients, the relatively small number of patients 

sampled also represents a limitation of our study. Further, patient iPSCs and iPSC-derived 

NPCs are a valuable tool to model the neurodevelopmental aspects of Down syndrome 

in-vitro, however they may not fully recapitulate in-vivo disease pathogenesis.

STAR Methods

Resource availability

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Li-Huei Tsai (lhtsai@mit.edu).

Materials availability—Unique resources and reagents generated in this study are 

available from the Lead Contact with a completed Material Transfer Agreement.

Data and code availability—Genomic sequencing data have been deposited at Gene 

Expression Omnibus (GEO) and are publicly available as of the date of publication. 

Accession numbers are listed in the key resources table. This paper does not report original 

code. Any additional information required to reanalyze the data reported in this paper is 

available from the lead contact upon request.

Experimental Model and Subject Details

Induced pluripotent stem cell (iPSC) generation and neural progenitor cell 
(NPC) differentiation

iPSCs -: The isogenic pair (Iso-E and Iso-T) of induced pluripotent stem cells (iPSCs) were 

provided by Dr. Stuart Orkin, Dana-Farber Cancer Institute, which have been described 

previously (Coriell, AG05397) (Maclean et al., 2012). The DS-iPSCs from the male 

individual (Ma-T, AG06922) purchased from Coriell and the female control iPSC (Fe-E, 

H9 WA09) purchased from WiCell. Fibroblasts of the derived from a female with DS, 

purchased from Coriell (GM04616) and fibroblasts from the male control (CS-0020-01) 

were utilized to generate iPSCs using Sendai virus to overexpress OCT4, SOX2, KLF4, and 

c-MYC, utilizing the CytoTune-iPS Sendai Reprogramming kit (Thermofisher scientific, 

A16518) as previously described (Raja et al., 2016). iPSCs were cultured on irradiated 

mouse embryonic fibroblasts (MEFs, Thermo Fisher Scientific, A34181) in DMEM/F12 

media supplemented with knockout serum replacement (KSR, 20% v/v), MEM non-

Essential amino acid solution (Sigma-Aldrich M7145), Glutamax (Thermo Fisher Scientific 

35050-079), 8 ng/μl recombinant human FGF-basic (FGF2, PeproTech, 100-18B) and 

71.5μM 2-mercaptoethanol (Sigma-Aldrich M6250). The quality of cells was monitored 

daily and differentiated cells were mechanically removed under a light microscope in a 

biosafety hood. iPSCs were cultured to 80% confluence and non-differentiated colonies 

were transferred to a feeder-free system and grown on Matrigel hESC-Qualified Matrix 

coated plates (VWR, 354277) using mTeSR1 medium (Stemcell technologies, 85850). 

iPSCs for RNA-seq, ATAC-seq, Hi-C and immunofluorescence imaging were grown under 

feeder-free conditions.
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NPCs –: NPCs were differentiated as previously described with minor adjustments 

(Chambers et al., 2009). iPSCs were grown to 80% confluence on feeder-free conditions in 

mTeSR1 medium. iPSCs were then dissociated into single cell suspension using ReLeSR™ 

(Stemcell Technology, 05872) following the manufacturers guidelines. 3 million cells were 

then transferred into a single well of AggreWell™800 (Stemcell Technology, 34811) to 

form 300 embryoid bodies of 10,000 iPSCs each in NPC-differentiation medium [1:1 

of DMEM/F12 Glutamax and Neurobasal (Life Technologies 10565-042 and Thermo 

Fisher Scientific 21103049), N-2 Supplement (Invitrogen,17502-048), B-27 Serum-Free 

Supplement (Gibco, 12587010), 2.5pg/l insulin (Thermo Fisher Scientific, 41400045), 

Glutamax (Thermo Fisher Scientific, 35050-079), MEM non-Essential amino acid solution 

(Sigma-Aldrich, M7145), 71.5μM 2-mercaptoethanol, Pen/strep (Gemini Bio-Products, 

400-109), Dorsomorphin (PeproTech, 8666430) and SB431542 (Tocris,1614)]. Half NPC-

induction medium replacement was performed daily for 5 days and on day 6 EBs were 

washed and transferred onto Matrigel coated plates. Complete NPC-induction medium 

replacement was performed daily for 7 days, and on day 12 STEMdiff™ Neural Rosette 

Selection Reagent (Stemcell technologies, 05832) was utilized to isolate NPC-rosettes 

and re-plated on onto fresh Matrigel coated plates in NPC-induction medium. Complete 

NPC-induction medium replacement was performed for 7 days and on day 20 NPCs were 

transferred onto fresh Matrigel coated plates in NPC-expansion medium [1:1 of DMEM/F12 

Glutamax and Neurobasal (Life Technologies 10565-042 and Thermo Fisher Scientific 

21103049), N-2 Supplement (Invitrogen, 17502-048), B-27 Serum-Free Supplement (Gibco, 

12587010), 2.5μg/l insulin (Thermo Fisher Scientific, 41400045), Glutamax (Thermo 

Fisher Scientific, 35050-079), MEM non-Essential amino acid solution (Sigma-Aldrich, 

M7145), 71,5μM 2-mercaptoethanol, Pen/strep (Gemini Bio-Products, 400-109) and 8 

ng/μl recombinant human FGF-basic (FGF2, PeproTech, 100-18B)]. NPCs were passaged 

once a week and NPCs for RNA-seq, ATAC-seq, Hi-C, senolytic drug treatment and 

immunofluorescence imaging were used on passage 3-5.

Method Details

Immunofluorescence imaging and analysis—iPSCs and NPCs grown on coverslips 

were fixed with 4% paraformaldehyde in 1X PBS for 15 minutes, then incubated overnight 

at 4°C in primary antibody in 1X PBS with 0.3% Triton X-100. Primary antibodies used 

were OCT-4 (CST C52G3), Nanog (CST 1E6C4), SOX1 (R&D Systems AF3369), Nestin 

(Millipore Sigma MAB5326), PAX6 (R&D Systems AF8150), H3K9me3 (Abcam 176916), 

LMNB1 (Abcam 16048), p16INK4a (Thermo Fisher Scientific MA5-32133), KI-67 (Abcam 

15580) and BrdU (CST 5292S) 1:500 dilution overnight at 4oC. Coverslips were washed 

three times with PBS and incubated with Alexa-Fluor 488, Alexa-Flour 555 and/or Alex-

Fluor 647 secondary antibodies (Thermo Fisher Scientific) 1:1,000 dilution, and DAPI 

(Invitrogen D1306) 1:5,000 dilution for two hours at room temperature. The coverslips 

were mounted on microscope slides with Fluoromount-G (Electron Microscopy Sciences 

17984-25). The slides were imaged using a confocal microscope (LSM 710 and 880, Zeiss) 

with a 5X, 20x or 63x objective with identical settings for all matched images.

Heterochromatin architecture –: iPSCs and NPCs grown on coverslips were fixed with 

4% paraformaldehyde in 1X PBS for 12 minutes, then incubated overnight at 4°C in primary 
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antibody in 1X PBS with 0.3% Triton X-100. Primary antibodies used were anti-LMNB1 

(1:500) and anti-H3K9Me3 (1:1,000). Primary antibody targets were visualized with Alexa-

Fluor 488 and Alex-Fluor 647 secondary antibodies, and cell nuclei were stained with 

DAPI. The coverslips were mounted on microscope slides with Fluoromount-G. The slides 

were imaged using a confocal microscope (LSM 880, Zeiss) with a 63x objective and 

identical settings were used for all coverslips. Images were quantified using Imarisx64 9.2.1 

(Bitplane, Zurich, Switzerland), to determine the number of heterochromatin aggregates 

(as labelled with H3K9Me3) and degree of co-localization with LMNB1 for the isogenic 

euploid, trisomic, and drug-treated trisomic cells. For each image, first, a “generous” surface 

was created on the LMNB1 staining and used to mask the H3K9Me3 channel, to eliminate 

general extranuclear and background signal. The “generous” LMNB1 surface had surface 

detail of 0.6, the Imaris auto-generated surface threshold, and a volume gate of greater 

than 40 μm3. Then, a “stringent” LMNB1 surface was created, to hone in on the areas of 

the nuclei with the strongest LMNB1 signal. These “stringent” surfaces had surface detail 

of 0.2, surface threshold of 105, and no volume gate. Finally, spots were created on the 

H3K9Me3 channel, with diameter 0.65 μm and quality threshold 15.6. To quantify the 

co-localization, the “Find spots close to surface” command was used between the H3K9Me3 

spots and the “stringent” LMNB1 surface, with a threshold of 0.35 μm. For each of the 

images, a total number was determined for both H3K9Me3 spots co-localized with LMNB1 

and intra-nuclear H3K9Me3 aggregates.

Proliferation –: NPCs were treated with 10μM BrdU for 2hrs before fixing the cells 

with 4% paraformaldehyde in 1X PBS for 12 minutes. DNA hydrolysis was performed by 

treating NPCs with 1.5M HCl for 10mins at room temperature and washed 3x with 1X PBS. 

Cells were then permeabilized and primary antibodies was used against BrdU (1:500), KI-67 

(1:1,000) and SOX1 (1:100). Primary antibody targets were visualized with Alexa-Fluor 

488, Alexa-Fluor 555 and Alex-Fluor 647 secondary antibodies, and cell nuclei were stained 

with DAPI. The coverslips were mounted on microscope slides with Fluoromount-G. The 

slides were imaged using a confocal microscope (LSM 880, Zeiss) with a 20x objective and 

identical settings for all coverslips. Images were quantified using Imarisx64 9.2.1 (Bitplane, 

Zurich, Switzerland), to determine the proportion of proliferative NPCs. SOX1 surface were 

used to identify all the NPCs in the images with a setting of 0.75μm surface grain size. Then 

BrdU and KI-67 positive cells under the SOX1 surface were quantified with a mean intensity 

of >18 and >10, respectively.

Cell Migration –: Matrigel embedded neurospheres in 96-well glass bottom plates were 

fixed with 4% paraformaldehyde in 1X PBS for 15 minutes, then incubated overnight at 

4°C in primary antibody in 1X PBS with 0.3% Triton X-100 with primary SOX1 (1:100) 

and Nestin (1:500). SOX1 was visualized with Alexa-Fluor 488 and Nestin was visualized 

with Alexa-Fluor 555 secondary, and nuclei were stained with DAPI. Fluoromount-G was 

then added onto Matrigel embedded neurospheres. The Matrigel embedded neurospheres 

were imaged using a confocal microscope (LSM 710, Zeiss) with a 5x objective and 

identical settings were used for all images. Images were then quantified using Imarisx64 

9.2.1 (Bitplane, Zurich, Switzerland), to determine how far individual NPCs had migrated 

out of the neurospheres for the isogenic pair of euploid, trisomic and drug-treated trisomic 
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neurospheres. For each image, first, a DAPI sphere surface was created to demarcate the 

boundaries of the neurosphere core. This surface had surface detail of 2, surface threshold 

of the Imaris auto-generated threshold divided by two, and a volume gate such that all but 

the largest surface is eliminated. Next, the DAPI sphere surface was used to mask the SOX1 

channel, to isolate the signal from NPCs that had migrated out of the primary neurosphere. 

Finally, spots were created on the masked SOX1 channel, with diameter 15 μm and quality 

threshold 5. Then, the distance between the SOX1 spots and the DAPI sphere surface was 

calculated and a list of individual distance values for each migrated NPC was generated for 

each neurosphere.

Global Chromatin Profiling (GCP)—The Global Chromatin Profiling (GCP) assay 

was performed as previously described (Creech et al., 2015; Litichevskiy et al., 2018). 

Briefly, three biological and three technical replicates of neural progenitor cells (NPCs), 

derived from isogenic-pair (AG-005397 (iso-E and Iso-T)), were grown in 6-well plates, 

washed in ice cold PBS 2x, scraped, and collected by centrifugation. After nuclei were 

isolated using mild lysis conditions (0.3% NP40), histones were extracted using sulfuric 

acid (Sigma-Aldrich, 339741-500ML), and precipitated using trichloroacetic acid (BDH, 

BDH0310-500G). Samples (10μg each) were propionylated, desalted and digested by 

trypsin (Promega, V5113) overnight following standard protocols. A second round of 

propionylation followed by desalting using C18 Sep-Pak cartridges (Waters, 186002318) 

was employed. A mix of isotopically labeled synthetic peptides for histone H3 was 

added as a reference to each sample prior to mass-spectrometric (MS) analysis. Peptides 

were separated on a C18 column (EASY-nLC 1000, Thermo Scientific) and analyzed 

by mass spectrometry (MS) in a parallel reaction monitoring mode (QExactiveTM Plus, 

Thermo Scientific) as previously described(Creech et al., 2015). Detailed protocols of 

sample preparation steps can be found in https://panoramaweb.org/labkey/wiki/LINCS/

Overview%20Information/page.view?name=sops.

Library preparation and analysis

RNA-seq -: Biological replicates (n=3) of the isogenic pair (Iso-E and Iso-T) of iPSCs 

and NPCs as well as the male (Ma-E and Ma-T) and female (Fe-E and Fe-T) pairs 

were used for library preparation. RNA quality was checked using RNA Integrity number 

on an Agilent Bioanalyzer 2100, and samples with a RIN score of >9 were used for 

library preparation. 150 ng of RNA was used to prepare libraries using the Kapa mRNA 

hyperprep kit for standard RNA libraries (Roche, KK8540) on a TecanEvo 150s (Tecan). 

>50 million 75-bp paired-end reads were acquired for each replicate using the NextSeq 500 

platform at the MIT BioMicro Center. FASTQ paired-end reads were aligned using STAR 

(v.2.6.1a) to GRCh37 reference genome (GENCODE 19) (Dobin et al., 2013). Transcripts 

were quantified using HTSeq, data was normalized utilizing RUV-seq and differential gene-

expression analysis was performed through DESeq2 (Anders et al., 2015; Love et al., 2014; 

Risso et al., 2014). Significant differentially expressed genes (DEGs) were called with an 

FDR < 0.01, log2 fold change ≥ 0.5 or ≤ −0.5. Gene ontology analysis was performed 

using GORILLA with two unranked lists of genes (target and background lists) followed 
by REViGO a program that can takes a long list of Gene Ontology terms and removes 
redundant GO terms and generates a scatterplot with an unbiased reduction of the GO terms 
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in semantic space (x, y) (Eden et al., 2009; Supek et al., 2011). Correlation analysis of 

the pairwise comparisons was performed using corrplot (https://github.com/taiyun/corrplot), 

utilizing the log2 fold overlap enrichment and significance p-value generated through 

randomized permutation test. Randomized permutation test was done in R using custom 

scripts. Briefly, a sample set of equal size as the observed data was randomly selected from 

the background set and then the statistic test was calculated for each randomly sampled data 

(s* = s1, s2,…sN) exactly as for the observed data (sObs). This was iterated N=107 times 

with replacement to create the null distribution and the p-value was calculated using the 

formula.

p−Value = sum s ∗ > = sObs / N For enrichment

p−Value = sum s ∗ > = sObs / N For depletion

If sObs was greater than or less than all values in the null distribution, the p-value was set as 

< < 1E-07.

ChIP-seq -: Libraries were generated from 2 million iPSC derived NPCs using the ChIP-

IT® Express Kit and Sonication Shearing Kit (Active Motif) with Spike-in Chromatin 

from Drosophila (Active Motif) following to the manufacturer’s instructions without any 

modifications (Egan et al., 2016). Briefly, the ChIP-seq library preparation consists of 8 

steps: (i) cells were crosslinked with 1% formaldehyde, (ii) chromatin was sheared (Covaris 

E220 Focused-ultrasonicator) after lysing cells, (iii) digested chromatin was incubated with 

2ug of LMNB1 antibody (Abcam, ab8982), samples were also incubated without any 

antibody for input and Spike-in chromatin was incubated with Spike-in antibody (Active 

motif). (iv) same amount of Spike-in chromatin/antibody was added to each sample. (V) 

antibody-bound DNA/protein complexes and input samples were captured and washed using 

Protein G magnetic beads, (vi) cross-links were reversed and protein was digested using 

proteinase K. (vii) DNA was purified utilizing QIAquick PCR Purification Kit (Qiagen, 

28104) (viii) libraries were prepared utilizing the Kappa Hyperprep Kit (Roche, KK8502). 

Quality control was performed using the Agilent Bioanalyzer 2100. ~30 million 40-bp 

single-end reads were acquired for each replicate on the NextSeq 500 platform at the MIT 

BioMicro Center. FASTQ reads for each replicate were aligned using Bowtie 2.0 (bowtie2 

--very-sensitive -k 30) to hg19 (human) and dm6 (drosophila) (Langmead and Salzberg, 

2012). Samtools was used to sort (samtools sort), remove duplicates (samtools markdup), 

remove mitochondrial reads (samtools view) and index BAM files (samtools index) (Li et 

al., 2009). Bigwigs were generated from BAM files adjusted to the scale-factor for each 

sample using the percentage of mapped reads from the drosophila genome (dm6) to total 

reads over input utilizing deepTools (3.5.0) bamCoverage (Egan et al., 2016; Ramirez et al., 

2016). Peak regions were identified using homer (4.11), with the function findPeaks utilizing 

the reads generated from input samples as background. Scatter plots and violin plots were 

generated utilizing the R package ggplot2.
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ATAC-seq -: Libraries were prepared as previously described (Buenrostro et al., 2015). 

50,000 cells from the biological replicates (n=3) of the isogenic pair of iPSCs and NPCs 

were used for library preparation. Cells were harvested after treatment for 4 mins with 

ReLeSR™ (Stemcell Technology, 05872) for iPSCs and TrypLE (Thermo Fisher Scientific, 

12605028) for NPCs were then counted and 50,000 cells were spun down at 500×g for 

5 min, 4°C. Cells were with 50μl PBS and spun down at 500×g for 5 min, 4°C. Cells 

were then resuspended in fresh 50ul cold lysis buffer (0.15% igepal CA-630 (NP-40)) 

and left on ice for 10 min and spun down at 500×g for 5 min, 4°C. Next, tagmentation 

(Nextera FC-121-1030, Illumina) was carried out in 50ul volume (25 μl TD, 2.5 μl TDE1, 

22.5 μl nuclease-free water), for 30 min at 37°C with gentle rocking. Transposed DNA 

fragments were purified using the Qiagen MinElute PCR Purification Kit (28006) and 

were barcoded, amplified (PCR reaction: 1 cycle; 5min at 72°C, 30sec at 98°C, 8 cycles; 

15sec at 98°C, 30sec at 60°C, 3min at 72°C) and purified using AMPure beads (Beckman 

Coulter, A63880). ATAC-seq library fragment size distribution was assessed on an Agilent 

Bioanalyzer 2100. >50 million 40-bp paired-end reads were acquired for each replicate on 

the NextSeq 500 platform at the MIT BioMicro Center. FASTQ paired-end reads for each 

replicate were aligned using Bowtie 2.0 (bowtie2 --very-sensitive -k 30) to hg19 (Langmead 

and Salzberg, 2012). Samtools was used to sort (samtools sort), remove duplicates (samtools 

markdup), remove mitochondrial reads (samtools view), index BAM files (samtools index), 

and BAM files were shifted by +4bp and −5bp using an in-house algorithm (Li et al., 2009). 

Accessible chromatin peak calling was performed using Model-based Analysis of ChIP-Seq 

(macs2 callpeak -f BAMPE -g hs -q 0.05) (Zhang et al., 2008). Differential peaks analysis 

between the isogenic pairs was performed using Diffbind v1.16.3 (Ross-Innes et al., 2012). 

Correlation between differential accessibility of gene promoters (−2,000bp and +500bp of 

TSS) with differential expression was computed by first calculating the overlap percentage 

and significance of enrichment/depletion using a randomized permutation test then data was 

plotted as a histogram.

In situ Hi-C -: Hi-C libraries were generated from 2 million iPSCs and NPCs using the 

Arima Hi-C kit (Arima Genomics, San Diego) following to the manufacturer’s instructions 

without any modifications. Briefly, the Arima Hi-C kit consists of 6 steps: (i) cells were 

crosslinked with 1% formaldehyde, (ii) DNA was digested using the Arima restriction 

enzyme cocktail within intact permeabilized nuclei, (iii) ends were filled and biotinylated, 

(iv) blunt ends were ligated, (v) ligated fragments were purified, sheared and a biotin 

pull down was performed using streptavidin, and (vi) adapters were ligated, barcoded and 

amplified using the Kappa Hyperprep Kit (Roche, KK8502). Quality control was performed 

after shearing and library-prep using the Agilent Bioanalyzer 2100. Finally, >1.5 billion 

40-bp paired-end reads were acquired for each replicate on the NextSeq 500 platform 

at the MIT BioMicro Center. FASTQ paired-end reads were processed through Juicer 

as previously described (Rao et al., 2014). In Brief, paired-end read pairs were aligned 

separately to the human genome (hg19) using BWA, then, duplicates/invalid pairs were 

removed, and the remaining reads were filtered based on mapping quality score of 30 

(Li and Durbin, 2009). Interaction matrices were generated at resolutions of 2.5Mb, 1Mb, 

500kb, 250kb, 100kb, 50kb, 25kb, 10kb, and 5kb and normalized interactions matrices 
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were produced at all resolutions using Knight and Ruiz (~/juicer/scripts/CPU/juicer.sh -D 

~/juicer/ -y ~/juicer/restriction_sites/hg19_Arima.txt -s Arima).

Trans-chromosomal interactions stats were generated through Juicer (Table S1) and 

a t-test was run comparing euploid and trsiomic iPSCs and NPCs. Differential trans-

interaction maps were generated through Hi-C Explorer utilizing the default setting 

(Ramirez et al., 2018). In brief, interaction matricies generated in juicer (.hic) were 

converted to cooler and then to h5 (hicConvertFormat -m matrix.hic --inputFormat 

hic --outputFormat cool -o matrix.cool --resolutions 1000000 -> hicConvertFormat -m 

matrix.cool --inputFormat cool --outputFormat h5 -o matrix.h5). Next, a matrix containing 

the normalized log2ratio values of trisomy/euploid was generated (hicCompareMatrices 

-m Trisomy.h5 Euploid.h5 --operation log2ratio -o Trisomy_Euploid.h5) and plotted 

(hicPlotMatrix -m Trisomy_Euploid.h5 --clearMaskedBins--vMin −1 --vMax 1 -o 

Trisomy_Euploid.png). Distribution of normalized counts was generated using distiller 

pipeline on nextflow (nextflow run distiller.nf -params-file project.yml) as previously 

described (https://github.com/mirnylab/distiller-nf) (Abdennur and Mirny, 2020). Trans-

chromosomal interaction statistics generated by distiller was used to identify the distribution 

of the trans-chromosomal interaction for each chromosome and calculated as the percentage 

of total interactions per sample. A statistical t-test comparison of euploid and trisomic cells 

was performed for each chromosome after normalizing for the number of chromosomes, 

where all chromosomes were divided by 2 with the exception of chromosome 21 which was 

divided by two in euploid samples and divided by 3 in trisomic samples (Figure S1E; Table 

S3).

Cis-chromosomal interactions stats were generated through Juicer (Table S1) and a t-test 

was run comparing euploid and trisomic iPSCs and NPCs. Differential trans-interaction 

maps were generated using juicebox, and represents the foldchange of trisomic over euploid 

cells. Global decay plots were generated using an in-house algorithm. In brief, decay plots 

were made by plotting the “Fraction of total paired-end tags” vs “Distance between the 

paired-end tags” generated by homer Hi-C analysis pipeline (Heinz et al., 2018). Fold 

enrichment values for each distance intervals were calculated as log2(mean of trisomy 

replicates/ mean of euploid replicates).The FDR p-values for the enrichment between the 

tree replicates for trisomy and disomy was calculated using t-test (two-tailed) and corrected 

using p.adjust function in the R library qvalue using standard methods (Benjamini & 

Hochberg). Shorth-range (<1Mb) to long-range (>1Mb) interaction ratios were generated 

using Hi-C explorer utilizing the default settings (hicPlotSVL -m Euploid_10kb.cool 

Trisomy_10kb.cool --distance 1000000) and a Wilcoxon rank-sum test was run between 

euploid and trisomic samples and represented as dot plots for each chromosome.

A/B compartments were analyzed utilizing the HOMER Hi-C analysis pipeline (http://

homer.ucsd.edu/homer/interactions2/index.html) utilizing the default settings (Heinz et 

al., 2018). In brief, FASTQ paired reads were aligned separately using BWA (bwa 

mem -t8 -A1 -B4 -E50 -L0 ~/BWA_Index/hg19.fa), then tag directories were generated 

(makeTagDirectory sample_R1.sam,sample_R2.sam -tbp 1 -removePEbg -removeSpikes 

10000 5). Principal component analysis of the Hi-C interaction matrices was used 

to reveal the active and inactive compartments of the genome (runHiCpca.pl auto 
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sample_TagDir/ -res 25000 -window 50000 -genome hg19). Regions were annotated 

(annotatePeaks.pl) and edgeR/limma was used to identify the differential compartments 

(getDiffExpression.pl). Comparative analysis was performed to define the concordance 

between first principal component-based compartments identified through HOMER and the 

first principal component of the Pearson’s matrix (eigenvector) identified through Juicer 

using bedtools intersect. Enrichment analysis with differentially expressed genes (DEGs) 

and differentially accessible regions (DARs) with A and B compartments was performed by 

first calculating the overlap percentage of DEGs and DARs with the different compartments 

and the significance of enrichment/depletion was calculated using a randomized permutation 

test (p-Value). Data was plotted as histogram or as corrplot on R.

Loops and Topologically associating domains (TADs) -: Loops were called using 

the default setting of HICCUPS on juicer at 5Kb or 10Kb resolution (java -Xmx125g 

-jar ~/juicer/juicer_tools.jar hiccups). Differential looping between euploid and trisomic 

cells was identified using the default setting of HiCCUPS Diff on juicer using a 

graphics processing unit (GPU) (java -Xmx125g -jar ~/juicer/juicer_tools.jar hiccupsdiff). 

Aggregate plot analysis was performed using the APA command tool on juicer using 

the default settings (java -Xmx125g -jar ~/juicer/juicer_tools.jar apa) and genome-wide 

aggregate plots were generated from the normalized APA matrices on R. TADs 

boundaries, insulation scores and directionality index was computed using the default 

setting on HOMER (findTADsAndLoops.pl find TagDir/ -cpu 5 -res 3000 -window 

15000 -genome hg19 -p badRegions.bed). For differential intra-tad interaction density 

analysis TAD files for the biological replicates per cell-type were merged (merge2Dbed.pl) 

and then interaction densities were quantified across replicates (findTADsAndLoops.pl 

score -tad). Finally, edgeR/limma was utilized to identify the differentially interacting 

TADs (getDiffExpression.pl). Enrichment analysis with differentially expressed genes was 

performed between down and upregulated genes with differentially interacting TADs and 

unchanged TADs, by first calculating the overlap percentage and significance of enrichment/

depletion (randomized permutation test, p-Value). Data was plotted using corrplot on R.

Quantification and Statistical Analysis

Data was analyzed using GraphPad Prism version 8. Replicate sizes and error bars 

definitions are indicated in the figure legends. Correct application of standard parametric 

procedures was confirmed and stated in the supplemental data. Two-tailed Student’s t test 

were performed for datasets with two groups. ANOVA analyses were used for comparisons 

of data with more than two groups. Post hoc group comparisons were performed and stated 

in the figure legends and supplemental tables.

Differences were considered statistically significant at * (p < 0.05), ** (p < 0.01), *** (p < 

0.001), and **** (p < 0.0001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Trisomy 21 disrupts nuclear architecture and transcriptome of neural 

progenitors

• Trisomy 21 harboring neural progenitors display signatures of cellular 

senescence

• Senolytic drugs ameliorate trisomy 21 associated molecular and cellular 

dysfunctions
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Figure 1 –. T21 induces genome-wide chromosomal introversion in NPCs but not iPSCs.
Immunofluorescence staining of (A) iPSCs (OCT4 (green), NANOG (red)) and (B) NPCs 

(SOX1 (green), Nestin (red)) from the isogenic pair (Iso-E (top) and Iso-T (bottom) as well 

as (C) respective G-band karyotyping of NPCs. (D) Schematic of experimental design to 

assess the 3D-genome of the isogenic pair iPSCs and NPCs as well as the euploid (Ma-E) 

and trisomic (Ma-T) male NPCs. (E-H) Comparative Hi-C analysis of Iso-E and Iso-T iPSCs 

and NPCs. Genome-wide differential (NPC/iPSC) Hi-C interaction maps for Iso-E (E) and 

Iso-T (F). (G) Genome-wide differential (Iso-T/Iso-E) Hi-C interaction maps for NPCs. 
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(H) Percent distribution of trans- and cis-chromosomal interactions for the isogenic pair of 

NPCs. (I-L) Representative images of chromosome 21 (chr21) differential cis-chromosomal 

interaction maps for the isogenic pair of iPSCs (I) and NPCs (K). Dot plots representing 

the ratio of short-range (<1Mb) to long-range (>1Mb) interactions for the isogenic pair 

of iPSCs (J) and NPCs (L). Each dot represents a chromosome and chr21 is represented 

as a red dot. Wilcoxon rank-sum test shows that euploid and trisomic iPSCs were not 

statistically different (p-value=0.536) whereas NPCs show significantly increased short 

range interactions in the trisomic NPCs (p-value=0.004).
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Figure 2 –. T21 induced reorganization of TADs and loops are segregated into A/B 
compartments.
Representative images of differential Hi-C interaction maps (Iso-T/Iso-E) of a region on 

chromosome 6 (chr6) in the isogenic pair of iPSCs (A) and NPCs (C). Volcano plot of 

differential interaction density (ID) within TADs in the isogenic pair of iPSCs (B) and 

NPCs (D). (E) Randomized permutation test analysis between the differential interaction 

density (ID) TADs with A/B compartments and differential chromosomal loops in NPCs. 

Color intensity (positive correlations are displayed in green and negative correlations in 

black) and the size of the circle are proportional to the enrichment coefficients of A/B 

compartments with differentially interacting TADs identified as a consequence of T21 in 

NPCs. (F) Aggregate Peak Analysis (APA) analysis of loops uniquely identified in iPSCs 

(top rows), NPCs (bottom rows) in both Iso-E and Iso-T.
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Figure 3 –. T21 induced disruption of lamina associated domains (LADs) is associated with 
chromosomal introversion.
(A) Immunofluorescence of LMNB1 (red) and H3K9me3 (green) for the isogenic pair 

to assess LADs and heterochromatin distribution in NPCs. (B) Quantification of LMNB1 

staining intensity in the isogenic pair of NPCs. Each dot on the histogram represents 

a replicate experiment of ~440 total nuclei analyzed for the isogenic pair of NPCs. 

(C) Venn diagram of LAD overlap between the euploid (Iso-E) and T21 (Iso-T) NPCs 

(intersect of replicates); bottom, schematic representation of genome coverage (base pairs) 

by LADs gained or lost as a consequence of T21 relative to euploid. (D) Scatter plot of 

LMNB1 enrichment over input in Iso-E (x-axis) and Iso-T (y-axis) of the genomic region 

in the B-compartment. (E) Violin plot of fold change of LMNB1 (Iso-T/Iso-E) of the 

differential (increased-ID (red), reduced-ID (blue) and unchanged-ID (green)) interaction 

density TADs. (F) IGV plot of A-compartment (Iso-E (yellow) and Iso-T (orange)) and 

B-compartment (Iso-E (blue) and Iso-T (light-blue)), LMNB1 ChIP-seq of Iso-E (blue) and 

Iso-T (light-blue), as well as the location of LADs (black) and the differentially interacting 

TADs (reduced-ID (blue), increased-ID (red) and unchanged-ID (gray)) an 87Mb region of 

chromosome 1.
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Figure 4 –. T21 DEGs are distinctly separated into the A/B compartments in NPCs.
(A) Schematic of experimental design to assess the transcriptional consequences of T21 

on the isogenic pair (Iso-E and Iso-T) of iPSCs and NPCs as well as NPCs derived from 

euploid (female (Fe-E) and male Ma-E)) and trisomic (female (Fe-T) and male (Ma-T)) 

individuals. (B, C) Volcano plots of the differentially expressed genes (DEGs) identified in 

the isogenic pair of iPSCs (B) and NPCs. (C). (D) Randomized permutation test between 

the downregulated and upregulated DEGs induced by T21 in NPCs with A/B compartments. 

Histogram represents the range of expected overlap percentage and the red line represents 
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the observed percentage overlap. (E) Corrplot of the randomized permutation test between 

TADs with varying interaction densities (ID) with DEGs and A/B compartments. Color 

intensity (positive correlations are displayed in green and negative correlations in black) and 

the size of the circle are proportional to the enrichment coefficients. (F-H) Gene ontology 

visualized in semantic similarity-based scatterplots for downregulated genes associated with 

reduced-ID TADs (F), upregulated genes associated with increased-ID TADs (G), and 

downregulated genes localized within unchanged-ID TADs (H).
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Figure 5 –. T21-induced genome-wide disruption of chromatin state in NPCs is associated with 
transcriptional downregulation.
(A, B) Volcano plots of differentially accessible regions (DARs) identified by ATAC-

sequencing in the isogenic pair of iPSCs (A) and NPCs (B). (C) Enrichment heatmap of the 

randomized permutation test between the DARs on promoters, exons, introns and intergenic 

regions with accessible regions genome-wide. Color intensity (positive correlations are 

displayed in red and negative correlations in black) and the size of the circle are proportional 

to the enrichment coefficients. (D) Enrichment heatmap of the randomized permutation test 

between the A/B compartments and DEGs and DARs. Color intensity (positive correlations 

are displayed in green and negative correlations in black) and the size of the circle are 

proportional to the enrichment coefficients of the specific genetic features with the A/B 

compartments. (E, F) Aggregate plots of less accessible regions harboring SP1 (E) and NFY 
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(F) motifs. (G, H) Gene ontology visualized in semantic similarity-based scatterplots for 

downregulated genes with less accessible promoters harboring SP1 (G) and NFY (H) motifs.
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Figure 6 –. T21 induces senescence in NPCs
(A) Senescence associate β-galactosidase staining (SA-β-gal, green) marking senescent 

NPCs in euploid NPCs (left) and T21 (right). (B) Quantification of SA-β-gal staining 

intensity in the isogenic pair of NPCs. Each dot on the histogram represents a replicate 

experiment of ~200 cells analyzed for the isogenic pair of NPCs. (C) Correlation heatmap 

of the randomized permutation test of DEGs identified in isogenic, male, and female control 

and T21 iPSCs and NPCs as well as DEGs identified from a previous published iPSC 

data set (Gonzales), compared to previously published DEGs identified in various modes 

Meharena et al. Page 42

Cell Stem Cell. Author manuscript; available in PMC 2023 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of senescence induction (oxidative stress induced senescence (OSIS), replicative senescence 

(RS), stress induced senescence (SIPS), oncogene induced senescence (OIS) at early and 

late timepoints, as well as senescence entry induced by HMGB2 knock down (HMGB2-

KD). Color intensity (positive correlations are displayed in yellow and negative correlations 

in black) and the size of the circle are proportional to the enrichment coefficients. (D) Gene 

expression heatmap of senescence marker genes as fold change of T21/E21 or senescent/

control. (E) Venn diagram of overlapping downregulated (top) and upregulated (bottom) 

identified in NPCs harboring T21 and compared to DEGs identified in OSIS induced 

senescent cells. (F) Enrichment heatmap of the randomized permutation test between DEGs 

identified in both T21-NPCs and OSIS-induced senescent cells with differential ID TADs as 

well as reduced promoter-accessibility. Color intensity (positive correlations are displayed 

in green and negative correlations in black) and the size of the circle are proportional to 

the enrichment coefficients. (G, H) Gene ontology visualized in semantic similarity-based 

scatterplots for downregulated (G) and upregulated (H) overlapping genes identified in both 

T21-NPCs and OSIS-induced senescent cells.
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Figure 7 –. Senolytic drug alleviates the transcriptional and cellular dysfunctions induced by T21 
in NPCs.
(A) Schematic of experimental design to assess the transcriptional and cellular consequences 

of the senolytic drug (DQ) treatment in isogenic T21 NPCs. (B) Immunofluorescence of 

p16INK4a (green) in euploid (Iso-E) and trisomic (Iso-T) NPCs (marked by SOX1, white) 

treated with vehicle or DQ. (C) Quantification of p16INK4a staining intensity in euploid 

(Iso-E) and trisomic (Iso-T, vehicle or DQ treatment) NPCs. (D) Immunofluorescence of 

H3K9me3 (green) and LMNB1 (red) in euploid (Iso-E) and trisomic (Iso-T) NPCs treated 

with vehicle or DQ. (E) Quantification of co-localization between H3K9me3 and LMNB1 

in euploid (Iso-E) and trisomic (Iso-T) NPCs and (F) quantification of LMNB1 staining 

intensity of NPCs treated with vehicle or DQ. Each dot on the histogram represents a 

replicate and ~200 nuclei were analyzed per condition. (G) K-means clustering of the 

transcriptomic analysis of euploid (Iso-E) and trisomic (Iso-T) NPCs (treated with vehicle 

or DQ) identified 8 distinct clusters. Values in heatmap are plotted as the log2 fold 
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change from the median. (H) Gene ontology of biological process associated with the 8 

transcriptional clusters identified in response to senolytic drug treatment. (I) Enrichment 

plot of the randomized permutation test between the genes identified in the 8 different 

clusters with differential ID TADs as well as less accessible promoters. Genes from cluster 

I and III as well clusters II and IV were merged for this analysis. Color intensity (positive 

correlations are displayed in green and negative correlations in black) and the size of the 

circle are proportional to the enrichment coefficients. (J) Volcano plots of the differentially 

expressed genes (DEGs) identified in euploid NPCs treated with vehicle (DMSO) or 

DQ. (K) Enrichment plot of the randomized permutation test between DEGs identified 

in DEGs identified after DQ treatment with differential ID TADs as well as reduced 

promoter-accessibility. Color intensity (positive correlations are displayed in green and 

negative correlations in black) and the size of the circle are proportional to the enrichment 

coefficients.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

OCT-4 Cell Signaling Technology Cat# 2890, RRID:AB_2167725

Nanog Cell Signaling Technology Cat# 4893, RRID:AB_10548762

SOX1 R&D Systems Cat# AF3369, RRID:AB_2239879

Nestin Millipore Sigma Cat# MAB5326, RRID:AB_2251134

PAX6 R&D Systems Cat# AF8150, RRID:AB_2827378

H3K9me3 Abcam Cat# ab176916, RRID:AB_2797591

HP1a Cell Signaling Technology Cat# 2616, RRID:AB_2070987

H3K27me3 Abcam Cat# ab6002, RRID:AB_305237

HMGB1 Thermo Fisher Scientific Cat# PA1-16926, RRID:AB_2248274

LMNB1 Abcam Cat# ab16048, RRID:AB_10107828

p16INK4a Thermo Fisher Scientific Cat# MA5-32133, RRID:AB_2809424

KI-67 Abcam Cat# ab15580, RRID:AB_443209

Vimentin Abcam Cat# ab24525, RRID:AB_778824

GFAP Millipore Cat# AB5804, RRID:AB_2109645

BrdU Cell Signaling Technology Cat# 5292, RRID:AB_10548898

Alexa-Fluor 488 (Donkey anti-Goat) Thermo Fisher Scientific Cat# A-11015, RRID:AB_2534082

Alexa-Fluor 488 (Donkey anti-Rabbit) Thermo Fisher Scientific Cat# A-21206, RRID:AB_2535792

Alexa-Fluor 488 (Donkey anti-Mouse) Thermo Fisher Scientific Cat# A-21202, RRID:AB_141607

Alexa-Fluor 488 (Donkey anti-Sheep) Thermo Fisher Scientific Cat# A-11015, RRID:AB_2534082

Alexa-Fluor 555 (Donkey anti-Goat) Thermo Fisher Scientific Cat# A-21432, RRID:AB_2535853

Alexa-Fluor 555 (Donkey anti-Rabbit) Thermo Fisher Scientific Cat# A-31572, RRID:AB_162543

Alexa-Fluor 555 (Donkey anti-Mouse) Thermo Fisher Scientific Cat# A-31570, RRID:AB_2536180

Alexa-Fluor 555 (Donkey anti-Sheep) Thermo Fisher Scientific Cat# A-21099, RRID:AB_2535753

Alexa-Fluor 647 (Donkey anti-Goat) Thermo Fisher Scientific Cat# A-21447, RRID:AB_2535864

Alexa-Fluor 647 (Donkey anti-Rabbit) Thermo Fisher Scientific Cat# A-31573, RRID:AB_2536183

Alexa-Fluor 647 (Donkey anti-Mouse) Thermo Fisher Scientific Cat# A-31571, RRID:AB_162542

Alexa-Fluor 647 (Donkey anti-Sheep) Thermo Fisher Scientific Cat# A-21448, RRID:AB_2535865

DAPI Thermo Fisher Scientific Cat# D1306, RRID:AB_2629482

Biological Samples

Iso-E and Iso-T iPSCs (AG05397) Coriell (Maclean et al., 2012) Cat# AG05397

Ma-E iPSCs Cohen, McLean, HMS (Raja et al., 
2016)

Cat# CS-0020-01

Ma-T Fibroblast Coriell Cat# AG06922

Fe-E iPSCs WiCell Cat# WA09

Fe-T Fibroblasts Coriell Cat# GM04616

CF1 Mouse embryonic fibroblasts, irradiated Thermo Fisher Scientific Cat# A34181

Chemicals, Peptides, and Recombinant Proteins
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REAGENT or RESOURCE SOURCE IDENTIFIER

Fluoromount-G Electron Microscopy Sciences Cat# 17984-25

PBS, pH 7.4 Thermo Fisher Scientific Cat# 10010049

Triton X-100 Sigma-Aldrich Cat# T8787-100ML

Paraformaldehyde Electron Microscopy Sciences Cat# 15714-S

5-Bromo-2′-deoxyuridine Sigma-Aldrich Cat# B5002-5G

Corning® Matrigel® hESC-Qualified Matrix VWR International Cat# 354277

Corning® Matrigel® Basement Membrane 
Matrix

VWR International Cat# 356254

DMEM/F12 Glutamax Life Technologies Cat# 10565-042

Knockout Serum Replacement Life Technologies Cat# 10828028

MEM non-Essential amino acid solution Sigma-Aldrich Cat# M7145

Glutamax Thermo Fisher Scientific Cat# 35050-079

recombinant human FGF-basic PeproTech Cat# 100-18B

2-mercaptoethanol Sigma-Aldrich Cat# M6250

mTeSR1 medium Stemcell technologies Cat# 85850

ReLeSR™ Stemcell Technology Cat# 05872

AggreWell™800 Stemcell Technology Cat# 34811

Neurobasal Thermo Fisher Scientific Cat# 21103049

N-2 Supplement Invitrogen Cat# 17502-048

B-27 Serum-Free Supplement Gibco Cat# 12587010

insulin Thermo Fisher Scientific Cat# 41400045

Pen/strep Gemini Bio-Products Cat# 400-109

Dorsomorphin PeproTech Cat# 8666430

SB431542 Tocris Cat# 1614

STEMdiff™ Neural Rosette Selection Reagent Stemcell technologies Cat# 05832

Sulfuric acid Sigma-Aldrich Cat# 339741-500ML

Trichloroacetic acid BDH Cat# BDH0310-500G

Trypsin Promega Cat# V5113

C18 Sep-Pak cartridges Waters Cat# 186002318

TrypLE Thermo Fisher Scientific Cat# 12605028

Igepal CA-630 (NP-40) Sigma-Aldrich Cat# I8896

AMPure beads Beckman Coulter Cat# A63880

Critical Commercial Assays

CytoTune-iPS Sendai Reprogramming kit Thermofisher scientific Cat# A16518

Kapa mRNA hyperprep kit for standard RNA 
libraries

Roche Cat# KK8540

Nextera DNA Library Prep Kit Illumina Cat# FC-121-1030

Qiagen MinElute PCR Purification Kit Qiagen Cat# 28006

Arima Hi-C kit Arima Genomics N/A

Kappa Hyperprep Kit Roche Cat# KK8502
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Hi-C This paper GEO: GSE185192

LMNB1 ChIP-seq This paper GEO: GSE185192

RNA-seq This paper GEO: GSE185192

ATAC-seq This paper GEO: GSE185192

Senescence RNA-seq Casella et al., 2019; Crowe et al., 2016; 
Alspach et al., 2014; Sati et al., 2020; 
Zirkel et al., 2018; Borras-Fresneda et 
al., 2016;

GEO: GSE130727, GSE58910, GSE56293, 
GSE130306, GSE98448, GSE80207,

RNA-seq of iPSC derived from Down syndrome 
and control individuals

Gonzales et al., 2018 GSE101942

RNA-seq of iPSC derived neurons, astrocytes 
and OPCs

Garcia-Leon et al., 2018; Lin et al., 
2018; Tcw et al., 2017

GEO: GSE106984, GSE102956, GSE97904

ChIP-seq of Histone Modifications Hawkins et al., 2010 GEO:GSM956008

Experimental Models: Cell Lines

Iso-E and Iso-T (AG05397) Coriell Maclean et al., 2012) Cat# AG05397

Ma-E Cohen, McLean, HMS (Raja et al., 
2016)

Cat# CS-0020-01

Ma-T Coriell Cat# AG06922

Fe-E WiCell Cat# WA09

Fe-T Coriell Cat# GM04616

CF1 Mouse embryonic fibroblasts, irradiated Thermo Fisher Scientific Cat# A34181

Software and Algorithms

Imarisx64 9.2.1 Bitplane http://www.bitplane.com/Default.aspx

ZEN imaging software Carl Zeiss https://www.zeiss.com/microscopy/int/
products/microscope-software/zen.html

STAR (v.2.6.1a) Dobin et al., 2013 https://github.com/alexdobin/STAR

HTSeq Anders et al., 2015 https://htseq.readthedocs.io/en/master/

RUVSeq Risso et al., 2014 https://bioconductor.org/packages/release/bioc/
html/RUVSeq.html

DESeq2 Love et al., 2014 https://bioconductor.org/packages/release/bioc/
html/DESeq2.html

Bowtie2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

Samtools Li et al., 2009 http://samtools.sourceforge.net/

Homer Heinz et al., 2010 (http://homer.ucsd.edu/homer/interactions2/
index.html

MACS2.1.0 Zhang et al., 2008 https://github.com/taoliu/MACS

R Chen et al., 2009 https://www.r-project.org/

Corrplot Taiyun Wei and Viliam Simko (2017) https://github.com/taiyun/corrplot

Diffbind v1.16.3 Ross-Innes et al., 2012 https://bioconductor.org/packages/release/bioc/
html/DiffBind.html

Burrows-Wheeler Aligner (BWA) Li and Durbin, 2009 http://bio-bwa.sourceforge.net/

Juicer Rao et al., 2014 https://github.com/aidenlab/juicer/wiki
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Graphpad Prism 8 Graphpad https://www.graphpad.com/

Distiller Abdennur and Mirny, 2020 https://github.com/mirnylab/distiller-nf))

Hi-C explorer Ramirez et al., 2018 https://hicexplorer.readthedocs.io/en/latest/
content/list-of-tools.html

BEDTools Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/latest/

deepTools Ramírez et al., 2016 https://deeptools.readthedocs.io/en/develop/
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