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Down syndrome (DS), trisomy of human chromosome 21 (HSA21),
is characterized by lifelong cognitive impairments and the devel-
opment of the neuropathological hallmarks of Alzheimer’s disease
(AD). The cellular and molecular modifications responsible for
these effects are not understood. Here we performed single-
nucleus RNA sequencing (snRNA-seq) employing both short- (Illu-
mina) and long-read (Pacific Biosciences) sequencing technologies
on a total of 29 DS and non-DS control prefrontal cortex samples.
In DS, the ratio of inhibitory-to-excitatory neurons was signifi-
cantly increased, which was not observed in previous reports
examining sporadic AD. DS microglial transcriptomes displayed
AD-related aging and activation signatures in advance of AD neu-
ropathology, with increased microglial expression of C1q comple-
ment genes (associated with dendritic pruning) and the HSA21
transcription factor gene RUNX1. Long-read sequencing detected
vast RNA isoform diversity within and among specific cell types,
including numerous sequences that differed between DS and con-
trol brains. Notably, over 8,000 genes produced RNAs containing
intra-exonic junctions, including amyloid precursor protein (APP)
that had previously been associated with somatic gene recombina-
tion. These and related results illuminate large-scale cellular and
transcriptomic alterations as features of the aging DS brain.
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Down syndrome (DS) is a common genetic disorder affect-
ing ∼1 in 700 live births (1). It is caused by the triplication

of human chromosome 21 (HSA21) and results in numerous
impairments. Brain abnormalities produce deficits in cognitive
performance, learning, and language acquisition, as well as
short- and long-term memory impairment (2). As DS individu-
als age, they show increased incidence of dementia and neuro-
pathological hallmarks of Alzheimer’s disease (AD) by their
40s (3). The mechanistic etiology of the complex DS phenotype
is known only in part. It includes defects in neuronal develop-
ment (4) and GABA signaling (5). Alterations in dendritic
spine dynamics have also been reported in DS models (6–8). It
is hypothesized that the early onset of AD neuropathology and
dementia in DS is driven by overexpression of genes located on
HSA21, such as the kinase DYRK1A and especially amyloid
precursor protein (APP) (9). Notably, increased brain transcrip-
tion (9) and increased copy numbers of the APP gene have
been linked to APP somatic gene recombination associated
with sporadic AD. This form of gene recombination produced
internally truncated RNA sequences containing intra-exonic
junctions (IEJs) (10).

Single-cell sequencing technologies have opened new ave-
nues to understanding cellular transcriptomics, particularly
through the use of single-nucleus RNA sequencing (snRNA-
seq), which has been applied to normal (11, 12) and diseased
(13–15) human brains, but has not been reported for postnatal
or aging DS brains. Bulk RNA sequencing (RNA-seq) studies
of DS brains identified global alterations in gene expression
(16, 17), but how specific cell types or RNA isoforms are
impacted remains unknown. In addition, nearly all single-cell

or single-nucleus transcriptomic studies lack unbiased RNA
isoform information, which may have important biological con-
sequences for cellular function (18, 19). Here, we report single-
nucleus analyses using both short- and long-read snRNA-seq
on aging DS brains versus non-DS controls. These results
revealed significant differences between aging DS and control
brains in regard to their cellular composition and isoform-
specific transcriptomes, including novel truncated RNAs con-
taining IEJs and involving not only APP but thousands of other
genes.

Results
DS and Control Brain Sample Characteristics. snRNA-seq was per-
formed on DS and control samples (Fig. 1A). Human cerebral
cortical Brodmann Areas 8/9 (BAs 8/9) from 56 DS and control
brains were sectioned and assessed for cortical layers, RNA
integrity number (RIN), and defined neuropathological signs of
AD (SI Appendix, Fig. S1A and Dataset S1). The prefrontal
cortex was profiled because it is essential to memory and behav-
ior, and gene-expression differences could offer key insights
into the DS brain (20). Samples with the confirmed presence of
all six cortical layers and RIN ≥ 6 were included in subsequent
sequencing experiments. Samples with RIN < 6 were excluded
from analysis because of negative trends in key single-cell
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output characteristics, including the number of captured nuclei,
total genes detected, and median genes per nucleus (SI
Appendix, Fig. S1B). Twenty-nine samples met the inclusion cri-
teria (Fig. 1B) and were processed for snRNA-seq. Nine DS
and 14 control samples were matched for age, sex, and RIN
and were used for primary analyses (SI Appendix, Fig. S1C and
Dataset S1) (Mann–Whitney U test, P > 0.1). Brains were cate-
gorized as “young” if they were ≤36 y of age, and thioflavin-S
staining confirmed a lack of neuropathological hallmarks of
AD (SI Appendix, Fig. S1D). Another six control brains older
than 70 y (“Ctrl-old”) were processed for snRNA-seq to profile
aging in control brains. In addition to matching samples for
age, sex, and RIN, potential batch effects were accounted for
by randomizing samples during processing and utilizing Seurat
v3 for analysis (Materials and Methods) (21).

A total of 172,237 filtered transcriptomic cell profiles were
generated from snRNA-seq cDNA libraries (using 10X Geno-
mics Single Cell 30 v3 system) and clustered using Seurat v3
(22). Clusters were identified with marker genes previously
established in the human prefrontal cortex and labeled as:
astrocytes (Ast), endothelial cells (End), excitatory neurons
(Ex1-8), inhibitory neurons (In1-8), microglia (Mic), oligoden-
drocytes (Oli), oligodendrocyte precursor cells (OPC), and
pericytes (Per) (11) (Fig. 1C). This approach labeled 20 known
neuronal subclusters, while only 11 were resolved by unbiased
techniques (SI Appendix, Fig. S1E). Clusters displayed a gene-
expression pattern similar to previous snRNA-seq classifications
within the human brain (SI Appendix, Fig. S1F and Dataset S2).

All major cell types were present in each cohort and not signifi-
cantly altered by sex or processing batch (SI Appendix, Fig. S1
G–I and Dataset S1). Prefragmented samples from the same
cDNA libraries used for short-read sequencing enabled genera-
tion of ∼98 million long reads that revealed 434,201 unique
RNA isoforms with cellular barcodes.

Increased Inhibitory:Excitatory Neuron Ratios and Neuronal Subtype
Alterations in DS Prefrontal Cortex. An imbalance in inhibitory vs.
excitatory neuronal firing has been reported in mouse models
of DS (23). However, it is unclear if such an imbalance exists in
human DS. At all examined ages, the proportion of inhibitory
to total neurons was significantly increased in DS brains com-
pared with controls (Fig. 1D) (unpaired t test, P = 0.04). A mul-
tiple linear regression analysis accounting for sex, RIN, age,
and DS vs. control status was also performed. DS was the only
variable with a significant effect (P = 0.03). Immunolabeling for
inhibitory neurons supported the snRNA-seq data (SI
Appendix, Fig. S2 A and B). An inhibitory:excitatory imbalance
was not observed in published AD datasets (13) (SI Appendix,
Fig. S2C), potentially indicating that this is a DS-specific phe-
nomenon. Notably, this imbalance was previously observed in a
single-cell assay for transposase-accessible chromatin with high-
throughput sequencing (ATAC-seq) analysis of the Ts65Dn
mouse model of DS (24) (SI Appendix, Fig. S2D), further sup-
porting the imbalance as a feature of the DS brain. Focused
analyses on DS-young vs. Ctrl-young samples identified similar
results (SI Appendix, Fig. S2E), supporting early changes in DS.
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Fig. 1. Experimental approach for cell clustering and altered neuronal fractions in DS. (A) Experimental outline for selecting samples and processing
short- and long-read sequencing of snRNA-seq data. (B) Ages for all samples analyzed by snRNA-seq and sample groups used in subsequent analyses
(boxed). (C) UMAP and cell-type assignments of nuclei from DS and control age-matched brains. (D) Fraction of total neurons identified as inhibitory (In)
in control and DS brains. (E and F) Fraction of inhibitory (E) and excitatory (Ex) (F) neuronal subtypes in control and DS brains. For E and F, boxes extend
from the 25th to 75th percentiles and whiskers extend from minimum to maximum values. (G) Fraction of inhibitory neurons that expressed LHX6 or
ADARB2. For D–G, asterisks denote statistical significance in unpaired t test (*P < 0.05, **P < 0.01, ***P < 0.001).
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The proportions of inhibitory neurons from the In1a, In1b, In3,
and In4b clusters were increased compared with controls (Fig.
1E). By comparison, proportions of excitatory neuronal clusters
were relatively unchanged or slightly reduced at all ages with
the exception of the Ex1 subcluster (Fig. 1F) (11).

Inhibitory neurons within the cerebral cortex arise develop-
mentally from defined portions of the embryonic ganglionic
eminence. In mice, interneurons expressing LHX6 (In6-In8)
originate from the medial ganglionic eminence (MGE), while
interneurons expressing ADARB2 (In1-In4) are derived from
the caudal ganglionic eminence (CGE) (25). A distinction
between LHX6- and ADARB2-expressing neurons is also
observed in humans (SI Appendix, Fig. S1F). LHX6-expressing
neurons were present in the human DS brain at similar propor-
tions to controls, while ADARB2-expressing neurons were
overrepresented in DS (Fig. 1G) (unpaired t test, P < 0.01),
supporting a CGE origin of neuronal imbalance. These cellular
subtype proportional changes were also observed in the
DS-young cohort (SI Appendix, Fig. S2 F–H).

Cell-Type–Specific Changes in HSA21 Genes in the DS Brain. HSA21
trisomy alters expression of HSA21 genes (26). However, direct
proportionality between gene copy number and transcription is
not expected (16, 17, 27, 28). Comparison of DS with control
brains across genes on HSA21 in each individual cell type iden-
tified 308 of 4,008 genes with an expression fold-change > 1.1
in DS, and only 9 showed a >1.5-fold increase (SI Appendix,
Fig. S3A), signifying limited overexpression of HSA21 genes.

To further investigate HSA21 gene expression in DS brain
cell types, data were filtered to focus on differentially expressed
genes (DEGs) having a log2 fold-change > 0.25, a Bonferroni
adjusted P value < 0.05, and expression in at least 10% of cells
within analyzed cell types. A limited number of genes on
HSA21 were observed as DEGs, but as expected, significantly
more of these DEGs had increased expression in DS (Fig. 2 A
and B). Microglia had the greatest number of HSA21 DEGs
(DEGs = 25), with endothelial cells (DEGs = 20) and neurons
(Ex DEGs = 17; In DEGs = 15) also showing extensive changes
in HSA21 gene expression (SI Appendix, Fig. S3A). Differential
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expression analysis of all genes also identified the greatest
expression changes occurring in microglia (SI Appendix, Fig.
S3B). Numerous genes on HSA21 were differentially expressed
in multiple cell types, including the cell-adhesion molecules,
NCAM2 and DSCAM, the splicing regulator, SON, and the
kinase, DYRK1A. In neurons, DSCAM (29), CXADR (30), APP
(31), and NCAM2 (32) were altered in both excitatory and
inhibitory neuronal populations in the DS brain; these genes
are directly involved in neuronal cell–cell interactions and
neurite outgrowth (Fig. 2C). Notably, DSCAM was specifically
expressed in ADARB2-expressing interneurons, potentially
playing a key role in the observed overrepresentation of these
cells. In contrast, DSCAM showed low expression in LHX6-
expressing interneurons (SI Appendix, Fig. S3C), while its
expression was significantly down-regulated in DS microglia
compared with controls (Fig. 2 B and C).

Dysregulation of Key Neurological Pathways in DS Revealed by
Gene Ontology. To study functional changes in DS neurons,
DEGs from the entire transcriptome were analyzed by gene
ontology (GO) (33–35) (Fig. 2 D–G). DS excitatory neuron
DEGs were involved in the regulation of transsynaptic signal-
ing, the regulation of neuron projection development and cell
adhesion (Fig. 2 D and F and SI Appendix, Fig. S3 D and E).
Significantly up-regulated genes included the ephrin receptors,
EPHA3, EPHA5, and EPHA6, which are involved in neural
development (36), the membrane receptors, ROBO1 and
ROBO2, and secreted guidance cues, SEMA3C and SLIT2
(Dataset S3), which are all involved in axonal guidance and
maintenance of synaptic connections (37).

Inhibitory neuron GO categories included nervous system
development and regulation of neuron death (Fig. 2 E and G
and SI Appendix, Fig. S2 F and G). Intriguingly, the immediate-
early gene FOS, a marker of neuronal firing (38), was the most
overexpressed gene not on HSA21 (Fig. 2E), supporting

increased inhibitory neuron firing in addition to inhibitory neu-
ron overrepresentation in the DS brain.

Variable Expression of Aging-Associated Genes in Controls. Control
brains were used to identify DEGs associated with brain age. No
shift in the overall inhibitory:excitatory neuron ratio was observed
with age (SI Appendix, Fig. S4A). However, slight changes were
observed in specific subtypes of both inhibitory and excitatory
neurons, including a decrease in the number of SST-expressing
interneurons (In7 and In8) (SI Appendix, Fig. S4 B and C). Aging
DEGs were identified from the comparisons between Ctrl-young
vs. Ctrl-middle and Ctrl-middle vs. Ctrl-old, and particularly
involved microglia and astrocytes (Fig. 3A and Datasets S6–S8).
To study the effects of aging on the transcriptome in a continuous
manner, an unsupervised pseudotime-trajectory analysis using
reversed graph embedding via Monocle 3 (39) was pursued for
individual cell types. Microglia, astrocytes, and oligodendrocytes
clustered in an age-dependent manner (SI Appendix, Fig. S4D)
and displayed pseudotime trajectories that clearly tracked from
young to old samples (Fig. 3 B–G). Microglia clustered distinctly
by age and showed widespread transcriptomic hallmarks of activa-
tion with increasing age (15, 40) (Fig. 3B), including increased
expression of the inflammatory mediator, SPP1, and loss of both
the chemokine receptor, CX3CR1, and the purinergic receptor,
P2RY13 (Fig. 3H).

Pseudotime analysis of astrocytes independently partitioned
into two trajectories, each proceeding from young to old. One
of the groups predominantly expressed two markers of astro-
cyte activation, GFAP and FOS, and is referred to as GFAP+

(SI Appendix, Fig. S4E). Ctrl-young, Ctrl-middle, and Ctrl-old
groups had 26%, 22%, and 39% of total astrocytes partition as
GFAP+, respectively, signifying that, unlike microglia, there
does not appear to be activation of all astrocytes during aging.
However, both GFAP+ and GFAP� partitions showed tran-
scriptomic signs of aging. Genes, including MMD2 and ERBIN,
were significantly changed in each trajectory, while others,
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including the OPN receptor CD44, increased only in GFAP+

astrocytes (Fig. 3I).
As expected, concurrent with exhaustion of the OPC pool,

the ratio of OPCs to oligodendrocytes decreased with age (SI
Appendix, Fig. S4F). This correlated with decreased expression
of the AMPA receptor subunit GRIA2, which has been tied to
oligodendrocyte survival and myelination (41) (Fig. 3J).

Early Activation of DS Microglia. Many DEGs identified in the
aging brain were also differentially expressed in DS compared
with age-matched control brains, with a striking signal in micro-
glia, where 40 of 45 aging DEGs were also DS DEGs (SI
Appendix, Fig. S5A). Pseudotime analysis of microglia from all
cohorts also indicated an aged microglial state in DS-young
brains (SI Appendix, Fig. S5 B and C). To study microglial gene
expression and different activation states, microglia from all
samples were clustered separately from other cell types (Fig.
4A). Analyses were focused on clusters containing >2.5% of
total microglia, resulting in four distinct microglial clusters with
gene-expression profiles similar to other single-nucleus micro-
glial datasets (15, 40) (Fig. 4B). The largest cluster, labeled
“Homeostatic,” was comprised of microglia expressing homeo-
static markers—including CX3CR1, P2RY12, and P2RY13—
while lacking activation markers, such as SPP1. A second
cluster, labeled “Activated,” had high expression of comple-
ment components, C1QA, C1QB, and C1QC, as well as CD14,
ERC2, and PTPN2. The third major cluster, “Antigen pre-
senting,” contained highly expressed genes associated with anti-
gen presentation, including CD83, HLA-DRA, HLA-DRB1, and
HLA-DPB1, as well as PADI2, MSR1, and APOC1. Lastly, a
small subset of microglia expressed transcripts typically associ-
ated with oligodendrocytes, specifically MBP, PLP1, and ST18;
these “Phagocytosing” microglia are hypothesized to internalize
oligodendrocyte transcripts while phagocytosing myelin (15).
Strikingly, > 80% of microglia from every Ctrl-young sample
clustered as homeostatic, contrasting with the age-matched
DS-young cohort that averaged only 28% (Fig. 4C). DS-young
microglia were largely classified as activated (Fig. 4C). As
expected, DS-old microglia clustered as both activated and anti-
gen presenting, likely associated with the AD pathology in this
cohort (Fig. 4C). Broad increases in expression of microglial
activation markers and a loss of homeostatic gene expression
were observed in microglia in all DS samples, as well as the
DS-young cohort (Fig. 4D). Transcripts of CX3CR1 and C1QA
were observed in generally distinct cells (SI Appendix, Fig.
S5D), and CX3CR1 transcripts were sequenced primarily in
microglia (SI Appendix, Fig. S5E). Significant decreases in
CX3CR1 protein were observed in DS-young brains (Fig. 4E).

AD-Associated Gene Up-Regulation in DS Microglia. AD neuropa-
thology uniformly occurs in DS individuals beyond age 40. A
direct comparison of DS microglia with human AD microglia
(13) revealed a shared increase in APOE and PTPRG expres-
sion (SI Appendix, Fig. S5F). However, DS microglia displayed
distinct profiles wherein most genes that were down-regulated
in AD showed up-regulation in DS (SI Appendix, Fig. S5F), and
numerous DEGs in DS microglia were not identified as DEGs
in AD. Microglial gene expression was also compared with pre-
viously defined disease-associated microglia (DAM) expression
signatures (42) (SI Appendix, Fig. S5G). Antigen presenting
microglia most closely resembled DAMs, displaying increased
expression of many DAM up-regulated DEGs and decreased
expression of DAM down-regulated DEGs.

As previously noted, the DS-young cohort lacked the patho-
logical hallmarks of AD. However, microglial genes associated
with the earliest signs of AD onset (13) were up-regulated in
DS-young microglia, including VSIG4, ADGRG1, CACNA1A,
and C1QC (SI Appendix, Fig. S5H), supporting overlap of

microglial AD-like activation occurring in the young DS brain.
With increasing age, DS microglia showed reductions in
complement-associated genes and accompanying increases in
antigen presentation-associated genes, like the major histocom-
patibility complex and CD83 (SI Appendix, Fig. S5I). These
results support precocious and evolving microglial activation
states with age, modified for differing age-dependent activities,
including in response to developing AD.

Increased Expression in DS of Microglial Genes Related to Synaptic
Function. Microglia are implicated in synapse and memory loss
through both complement-mediated (43, 44) and ADGRG1-
mediated (45) pathways. Remarkably, all three gene compo-
nents of complement C1q (C1QA, C1QB, C1QC) as well as
ADGRG1 were overexpressed in DS microglia, particularly in
the DS-young cohort (Fig. 4F and SI Appendix, Fig. S5J), sug-
gesting that overactive pruning by microglia may occur in DS.
In addition, a decrease of P2RY12 expression was identified
(Fig. 4D); loss or inhibition of P2RY12 has been linked to
impaired synaptic function (46). These microglial transcrip-
tomic alterations affecting neurons may contribute to neurocog-
nitive changes in DS.

A significant decrease in the density of dendritic spines was
reported in the Dp16 mouse model of DS, which could be
reversed by the depletion or inhibition of microglia (47). How-
ever, these findings directly conflict with data from the Tc1 and
Ts1Rhr mouse models of DS that show no changes in dendritic
spine density (7). To discern if an HSA21 gene might be
responsible for this discrepancy, we profiled the HSA21 DEGs
in human microglia and cross-referenced these with genes trip-
licated in the Dp16 model, but functionally diploid in Tc1 and
Ts1Rhr mice (48–50). Multiple microglial DEGs were tripli-
cated in Dp16 but not Tc1 or Ts1Rhr mice. These genes
included the interferon (IFN) receptor, IFNGR2, the splicing
regulator, SON, and most significantly, the transcription factor,
RUNX1 (Fig. 4G). RUNX1 overexpression was observed
broadly in microglia across all DS samples (SI Appendix, Fig.
S5J) and was the most overexpressed HSA21 microglial DEG
(Fig. 4G). RUNX1 is a key transcription factor in regulating
microglial gene expression (51), and its expression typically
decreases after early neurodevelopment but can be induced fol-
lowing brain injury in adults (52). TRPM2, a calcium channel
that has been tied to microglia activation (53), was one of the
top microglial DEGs but is not triplicated in any of the three
mouse models discussed, signifying that microglial activation
may be even more striking in the human brain. Furthermore,
BACH1, triplicated in Tc1 and Dp16 mice, encodes a transcrip-
tional repressor involved in the development of numerous
antigen-presenting cell subtypes including macrophages, and its
diminished expression correlates with protective autoimmune
effects (54, 55), which may be relevant to microglial activation
states.

Transcriptomic Diversity Discovered Through Long-Read Sequencing
of Single-Nucleus cDNA Libraries. Long-read single molecular
real-time (SMRT) sequencing enables profiling of full-length
RNA isoforms from single-cell cDNA libraries (56, 57). Single-
nucleus cDNA libraries were sequenced with SMRT sequencing
to obtain ∼98 million long reads from 16 individual brains,
8 each from control and DS cohorts (SI Appendix, Fig. S6A).
Each sample was sequenced to a depth of 5.5 to 7.5 million raw
long reads. Of these, 34,988,576 total reads had both a cellular
barcode and a unique molecular identifier (UMI). Reads were
analyzed using cDNA_Cupcake and SQANTI2 (58) to identify
isoforms and group them into four main categories defined as:
full splice match (FSM) isoforms that match GENCODE v28
annotations; incomplete splice match (ISM) isoforms that only
partially match annotations and result from 30 and 50
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truncations; novel in catalog (NIC) isoforms that have not been
annotated but contain known splice sites and exons; and novel
not in catalog (NNC) isoforms that contain at least one novel
splice site. After filtering, 434,201 unique isoforms remained,
supported by a total of 6,905,832 reads (SI Appendix, Fig. S6B),
and 47.7% of these isoforms were supported by at least two
reads with distinct UMIs. Matching the cell barcodes back to
the originating cell identified by short-read sequencing enabled

cell-type identification for 40.42% of the isoform reads. A
majority of the reads that were not associated with a cell type
had a barcode that either corresponded to a cell that did not
pass quality control in the Seurat analysis (64.7% of unidenti-
fied reads) or was determined to be background in the cell-
ranger analysis (25.4%). A small percentage of these reads
contained known 10X Genomics cellular barcodes that were
not observed in the short-read dataset (1.6%). The remaining

ST18
MBP
PLP1
FLT1

NAMPT
HIF1A

PTPRG
PADI2
CD83

HLA−DPB1
HLA−DRB1
HLA−DRA

MSR1
APOC1
FKBP5
FOXP1
DPYD
VSIG4

ADGRG1
FTL

CD14
C1QC
C1QB
C1QA

RUNX1
TGFBR1
PTPN2
ERC2

CCDC26
ARHGAP26

SPP1
TBC1D8
NEAT1

ADGRE2
RASGEF1C

IL6ST
CPED1
SORL1

FRMD4A
AC008691.1

CSF1R
CX3CR1
P2RY13
P2RY12

−2 −1 0 1 2
Expression

Ctrl
-Y

ou
ng

Ctrl
-M

idd
le

Ctrl
-O

ld

DS-Y
ou

ng

DS-O
ld

0.0

0.2

0.4

0.6

0.8

1.0 Homeostatic

Ctrl
-Y

ou
ng

Ctrl
-M

idd
le

Ctrl
-O

ld

DS-Y
ou

ng

DS-O
ld

0.0

0.2

0.4

0.6

0.8

1.0 Activated

Ctrl
-Y

ou
ng

Ctrl
-M

idd
le

Ctrl
-O

ld

DS-Y
ou

ng

DS-O
ld

0.0

0.2

0.4

0.6

0.8

1.0 Antigen Presenting

Ctrl
-Y

ou
ng

Ctrl
-M

idd
le

Ctrl
-O

ld

DS-Y
ou

ng

DS-O
ld

0.00

0.05

0.10

0.15 Phagocytosing

C1QA C1QB C1QC RUNX1

0
1
2
3
4
5

0
1
2
3
4
5

0
1
2
3
4

0
1
2
3

0
1
2
3
4

0
1
2
3
4

0
1
2
3
4

0
1
2
3E

xp
re

ss
io

n 
Le

ve
l

DS-young
Ctrl-young

DS
Ctrl

0.000

0.005

0.010

0.015

0.020

S
ig

na
l i

nt
en

si
ty

 r
at

io

CX3CR1/GAPDH

DS-
young

Ctrl- 
young

Ctrl- 
young

DS-
young

SPP1 CX3CR1

0

2

4

6

0
1
2
3
4

0

2

4

6

0
1
2
3
4E

xp
re

ss
io

n 
Le

ve
l

DS-young
Ctrl-young

DS
Ctrl

0
1
2
3
4

P2RY12

1
2
3
4

P2RY13

0

0
1
2
3
4

0
1
2
3
4

CX3CR1

GAPDH

D E

-1 0 1 2
0

100

200

300

400

Average Log Fold Change

-lo
g1

0 
ad

ju
st

ed
 p

 v
al

ue

RUNX1

IFNGR2 ITSN1 SON
PAXBP1

SYNJ1
APP

ETS2
BACH1TRPM2

SAMSN1

-2 -1 0 1 2 3
0

100

200

300

400

Average Log Fold Change

BACH1
ETS2

TRPM2

DSCAM

RUNX1

IFNGR2
SON
ITSN1
RCAN1

URB1
SYNJ1

SPP1

CX3CR1

�HSA21 HSA21, Triplicated in Dp16, not Tc1 or Ts1Rhr

P2RY12
CX3CR1

P2RY12

�

Homeostatic Activated
Antigen 

Presenting
Phago- 
cytosing

Ctrl DS Ctrl-
young

DS-
 young

A B

C

F G

UMAP1

U
M

A
P

2

SPP1

DSCAM

F
ra

ct
io

n 
of

 to
ta

l m
ic

ro
gl

ia
F

ra
ct

io
n 

of
 to

ta
l m

ic
ro

gl
ia

38 kDa

p=1.7E-122 p=1.3E-76 p=6.9E-154p<1E-300

p=2.2E-185p<1E-300 p<1E-300 p<1E-300

p=2E-131 p=4.8E-105 p=1.2E-231p=3.8E-109

p=2.6E-48 p=8.6E-35 p=3.9E-246p=2.6E-51

0
1
2
3
4

ADGRG1

p=3.1E-33

0
1
2
3
4

ns

Homeostatic
Activated
Antigen Presenting
Phagocytosing

Fig. 4. Hallmarks of microglial activation in DS microglia. (A) UMAP of microglia from all processed samples, colored by microglial subcluster. (B) Heat-
map displaying key differentially expressed genes used to define microglial subclusters. (C) Fraction of total microglia from each sample that clustered in
each of the four major microglia subclusters. (D) Violin plots of gene expression for hallmark microglial activation genes from DS vs. Ctrl and DS-young
vs. Ctrl-young cohorts; adjusted P value using Bonferroni correction on Wilcoxon rank sum test. (E) Western blot for CX3CR1 and quantification relative
to GAPDH. Asterisk denotes statistical significance in unpaired t test (P = 0.011). (F) Violin plots of gene expression for C1q complement genes, ADGRG1,
and RUNX1. (G) Volcano plots for total DEGs in microglia (gray), DEGs from HSA21 that are triplicated in the Dp16 mouse model but not Tc1 or Ts1Rhr
(green), and all other HSA21 microglial DEGs (purple) (48–50).

6 of 11 j PNAS Palmer et al.
https://doi.org/10.1073/pnas.2114326118 Altered cell and RNA isoform diversity in aging Down syndrome brains

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114326118/-/DCSupplemental


reads had cellular barcodes that were not among the available
10X Genomics cellular barcodes and could have resulted from
error introduced during library preparation or sequencing (8.
3%). Interestingly, long-read coverage was enough to identify
most cell types (SI Appendix, Supplementary Text).

Vast isoform diversity was observed in the brain. Novel iso-
forms (NIC and NNC) displayed greater variation than anno-
tated forms (FSM) (Fig. 5A), but the overall proportion of

novel isoforms did not change with age or across DS and con-
trol cohorts (Fig. 5B) (two-way ANOVA, NIC by cohort P =
0.96, NNC by cohort P = 0.13). However, the proportion of
novel isoforms did vary with cell type. Analysis of all cells
showed the greatest NIC and NNC isoform diversity in astro-
cytes, whereas endothelial cells and pericytes showed the least
(Fig. 5C) (NIC by cell type P < 0.0001, NNC by cell type
P < 0.0001). Excitatory neurons, inhibitory neurons, and
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oligodendrocytes also showed NNC enrichment (Fig. 5C).
Multiple types of NNC isoforms were observed and included
features such as: novel exon junctions within an intron that cre-
ated an entirely new exon that does not overlap with any previ-
ously annotated exon sequences; IEJs (10) that were formed by
joining the internal regions of two exons; and intron retention
junctions that were formed by a new splice site that extends
exon coordinates partially into the next intron (SI Appendix,
Fig. S6 C–E) [IEJs were found in over 8,000 genes (Dataset
S10)]. Notably, prior studies using cap analysis gene expression
sequencing demonstrated that 94% of NIC and 87% of NNC
reads have 50 ends that contain the transcription start site (59),
supporting the conclusion that NIC and NNC reads are indeed
bona fide transcripts and not sequencing artifacts.

Differential Isoform Expression and Usage Are Observed Across Cell
Types. Identification of specific isoforms that are differentially
expressed could potentially offer targets for modern therapeu-
tics, such as antisense oligonucleotides or gene therapies (60,
61). Differential isoform expression and proportional isoform
usage were analyzed using tappAS (62). Limited differential
isoform expression or differential isoform usage was identified
between control and DS samples (Fig. 5D). However, pairwise
comparisons of isoform usage between cell types revealed
numerous genes for which a cell type preferentially utilized one
isoform over others (Fig. 5E and SI Appendix, Fig. S7A).
Numerous genes switched cell-type–specific isoforms—includ-
ing SEPT8, RPL13 (SI Appendix, Fig. S7 B and C), and CLTB
(Fig. 5F)—which plays an important role in clathrin-mediated
endocytosis and utilized a different isoform in neurons com-
pared with oligodendrocytes.

To characterize isoform diversity further, SPP1, BIN1, and
APP were selectively amplified from single-nucleus cDNA
libraries using the Read1 primer from the 10X adapter and pri-
mers designed against their 50UTRs. Minimal changes in the
proportional expression of SPP1 FSM isoforms across cell types
(Fig. 5G) or between DS and control cohorts were detected (SI
Appendix, Fig. S7D). A significantly higher proportion of reads
were found originating from microglia in DS as compared with
controls (SI Appendix, Fig. S7E), which is consistent with the
differential expression displayed in the short-read data. Untar-
geted sequencing identified a SPP1 NNC isoform with a novel
exon that was confirmed with targeted sequencing. Targeted
sequencing also identified an additional four isoforms contain-
ing this exon; altogether, this novel exon was supported by 73
UMIs (SI Appendix, Fig. S7F).

In genome-wide association studies, mutations in a region
upstream of BIN1 showed the second highest odds-ratio for spo-
radic AD (63, 64). BIN1 transcripts were selectively amplified,
which revealed cell-type–specific isoform switching similar to
patterns reported in mice (56). The shortest isoform that lacks
all alternatively spliced exons was predominantly sequenced in
nonneuronal cell types, whereas the longest isoform that con-
tains all alternatively spliced exons was the predominant isoform
in both excitatory and inhibitory neurons (Fig. 5H).

The AD-associated gene, APP, expresses two major brain
isoforms, encoding APP-695 and APP-751, with the literature
supporting neuron-specific expression of APP-695 that lacks a
Kunitz-type serine protease inhibitory domain, implicating neu-
rons as the source for soluble Aβ in the brain (65, 66). How-
ever, APP-695 was observed to be the predominant RNA
isoform in all cell types (Fig. 5I). Furthermore, total expression
levels of APP are similar across neurons, oligodendrocytes,
OPCs, pericytes, and endothelial cells (Fig. 2C), signifying that
many cell types in the human brain contribute significantly to
the RNA expression of APP-695 rather than just neurons. Iso-
form diversity also included NNC species containing IEJs in
APP, consistent with the literature (10) (SI Appendix, Fig. S8).

Discussion
Transcriptomic effects of HSA21 trisomy at the level of single
cells in the postnatal and aging DS brain have not been previ-
ously reported. snRNA-seq using short- and long-read sequenc-
ing, as well as targeted-gene approaches, revealed differences
involving multiple transcriptomic pathways and cell types. Most
transcriptomic changes affected non-HSA21 genes, supporting
global effects of HSA21 trisomy on the transcriptome. How-
ever, notable exceptions included APP, NCAM2, DYRK1A,
SON, BACE2, and TTC3, indicating dosage effects on select
HSA21 genes within specific cell types. Increased neuronal
inhibitory:excitatory ratios and increased neurodevelopmental
gene expression existed at all examined ages in DS. Promi-
nently, microglia exhibited transcriptomic states indicative of
activation. Cell-autonomous causes could include overexpres-
sion of the HSA21 transcription factors RUNX1 and BACH1.
Furthermore, increased C1q expression could directly affect
neuronal process pruning. Aging signatures in the DS brain
paralleled gene-expression patterns reported in multiple neuro-
logical disorders, particularly AD (13, 42, 67, 68).

The present study represents an extensive single-nucleus
transcriptome analysis of the postnatal human DS brain and
the largest single-nucleus profiling of RNA isoforms in the
human brain to date. Limitations of this study include focused
analyses of BA8,9 of the prefrontal cortex, relatively limited
numbers of DS brains, and assessment of ∼6,000 cells per brain
that while standard, represents a small percentage of total brain
cells. These results identified trends that will benefit from
expanded analyses in the future. At least three identified fea-
tures deserve additional comment.

First, neurodevelopmental transcriptome differences are prom-
inent in DS brain cells, including those of cell adhesion genes like
DSCAM (29), CXADR (30), APP (31), and NCAM2 (32), as well
as genes of the Robo-Slit-Ephrin pathways that normally contrib-
ute to axonal guidance, synapse formation, and neurogenesis (36,
37). Abnormal neurodevelopmental programs in DS are further
supported by increased ADARB2-expressing (CGE-derived), but
not LHX6-expressing (MGE-derived) inhibitory neuron ratios.
CGE-derived neurons migrate prenatally from the CGE to the
cortex (69, 70), and this increase could result in enhanced neuro-
nal inhibition as supported by DS animal models (71, 72). In
human DS, an imbalance of inhibition and excitation may exist
considering the clinical reports of elevated seizure activity (73).
This dichotomy may be explained by variations in neuronal sub-
sets, such as the statistically significant increase in one cluster of
excitatory neurons, Ex1, contrasting with other Ex clusters in DS,
as well as by other possible changes affecting epileptogenic parts
of the brain that were not assessed.

Second, microglia show major transcriptomic differences at all
ages in DS, indicative of activation even at the youngest age
examined. Activation could again reflect cell-autonomous mecha-
nisms potentially resulting from increased RUNX1 expression.
Alternatively, microglial activation could be indicative of noncell-
autonomous mechanisms activated by mismatched neurodevelop-
mental activities involving C1q complement and other pruning
genes associated with exuberant axon outgrowth and synapse for-
mation/elimination, whereby microglia would face a chronic
activating-milieu to remove surplus or mismatched process out-
growth and neuronal connections. The down-regulation of genes
like P2RY12 in microglia may also contribute to the increased
prevalence of seizures in DS (46). In later adult life, microglial
activation could additionally reflect stimuli associated with incipi-
ent AD and contribute further to neurocognitive deficits. snRNA-
seq was sufficient to distinguish activation states, supporting the
possibility of a distinct microglial transcriptomic profile compared
with AD. The combination of persistent neurodevelopmental
gene expression and induced microglial activation provide insight
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into functional deficits within the DS brain that may be distin-
guishable from AD signatures.

Third, isoform resolution in single-cell transcriptomic profil-
ing is essential to generating a full understanding of transcrip-
tional biology yet cannot be achieved by standard 30 short-read
sequencing techniques. RNA splice variants have important
roles in development and disease (19, 74), and these new data
provide an initial platform for approaching cell-type–specific
isoforms in the DS and normal brain. Additionally, this study
explored the potential for identifying cell types using only long
reads, an approach that would eliminate the need for short-
read sequencing in cell-type–specific isoform profiling, and sug-
gests that this can be achieved with reasonable accuracy, but
would require greater sequencing depth for optimal identifica-
tion. Notably, isoform diversity and usage varied extensively
across cell types, while being relatively stable between disease
cohorts, supporting isoform functions in maintaining cell iden-
tity. The thousands of novel sequences beyond known splice
variants, whose functions are unknown, provide a new reservoir
of transcripts toward understanding the normal and diseased
brain. These include isoforms with novel structures like IEJs
that were detected on APP and over 8,000 thousand additional
genes, which might reflect the widespread operation of somatic
gene recombination mechanisms, including those relevant to
AD (10). Additional experiments are required to determine if
these IEJs reflect expression of somatically recombined genes
and/or if they are novel splicing variants, which are not mutu-
ally exclusive possibilities. Overall, these snRNA-seq studies of
the normal aging and DS brain implicate both intrinsic neuro-
developmental cellular processes and RNA isoform diversity,
towards providing understanding and identifying therapeutic
targets to aid DS individuals.

Materials and Methods
See SI Appendix for more details.

Tissue Sampling and Preparation. Frozen tissue samples from BA 8 or 9 of the
prefrontal cortex were obtained from multiple sources and stored at �80 °C.
Samples were sectioned in a cryostat set at�20 °C.

RNA Integrity Measurement. RNA was isolated using a RNeasy isolation kit
fromQiagen and evaluated on an Agilent 4200 TapeStation.

Thioflavin S Staining. Tissue sections (20 μm) were stained using thioflavin S
to visualize amyloid plaques and tau tangles as hallmarks of AD pathology.

Nissl Staining. Tissue sections (20 μm) were stained using Cresyl violet to visu-
alize the cortical layers of each section.

Nuclei Isolation and Generation of Amplified cDNA Libraries. DS and control
samples were randomized and processed in groups of four to negate poten-
tial batch process variation. Tissue sections (300 μm) were removed from fro-
zen storage and immediately submerged in 1 mL of nuclei isolation buffer
(20 mM Tris, 320 mM sucrose, 5 mM CaCl2, 3 mMMgAc2, 0.1 mM EDTA, 0.1%
Triton-X 100, 0.2% RNase inhibitor) (10, 11). Extracted nuclei were washed
twice in PBS + 0.25 mM EGTA + 1% BSA + 0.2% RNase inhibitors (Takara Bio).
They were then suspended in PBSE + BSA + RNase inhibitors + 1.25 ug/mL
DAPI (Sigma). FANS was performed on a FACSAria Fusion (BD Biosciences) gat-
ing out debris from forward scatter and side scatter plots and selecting DAPI+

singlets. Samples were kept on ice until sorting was complete and were imme-
diately processed after sorting. Sorted nuclei were diluted to ∼700 to 1,500
nuclei/mL, and a final concentration was determined using a fluorescent cell
counter. The 10X Genomics Single Cell 30 v3 kit was then used to prepare sam-
ples targeting 10,000 single nuclei GEMs (gel bead-in emulsion). The protocol
was followed without deviation prior to fragmentation of the cDNA libraries.

cDNA Preparation and Long-Read Sequencing. Fifty percent of the prefrag-
mented cDNA library was used for long-read sequencing. If the cDNA input
concentration was too low for Pacific Biosciences (PacBio) library preparation,
the cDNA library was reamplified (Dataset S1) using the same reagents and
concentrations as outlined in the 10X Genomics kit protocol. Next, 100 ng of
cDNA was used in the PacBio procedure for sequencing. Each sample was

sequenced in an individual SMRTcell. An average of 6.003 million polymerase
reads were obtained per sample.

Selective Amplification of cDNA Libraries and Subsequent Long-Read Sequencing.
Selective amplification of the genes APP, SPP1, and BIN1 was pursued using
custom designed primers and the Read 1 primer from the 10X Genomics prep-
aration. The same cDNA libraries used for long-read analysis were linearly
amplified with only the 50UTR primer present prior to addition of the Read 1
primer. Samples were cleaned with Pronex beads and were sequenced with
PacBio Sequel II, as outlined above.

Short-Read snRNA-Seq Data Processing and Filtering. The 10X Genomics Cell-
Ranger software (v3.0.2) was used to demultiplex samples, align reads, quan-
tify UMIs, and generate cell count matrices. Default parameters were used,
with the exception of a pre-mRNA reference file (ENSEMBL GRCh38) to cap-
ture intronic reads originating from pre-mRNA species present in the nuclei.
Using Seurat (v3.0.3), sample matrices were filtered and normalized by the
default global-scalingmethod in Seurat.

Clustering and UMAP Visualization. Lake et al.’s (11) dataset was used as a ref-
erence with Seurat’s TransferData function to label cell types in our samples.
Seurat objects from the samples in the same disease/age group were merged
(Seurat merge function). For comparisons between two groups, differential
expression analysis and pseudotime analysis, merged samples within a group
were integrated (Seurat IntegrateData function). The integrated data were
then scaled and UMAP embeddings were generated.

GAD67/NeuN Staining. Tissue sections (20 μm) from DS-young and age
matched Ctrl-young samples were costained for GAD67 and NeuN and
imaged. After imaging, cells were counted in three separate rows for each sec-
tion spanning fromwhitematter to the pial surface.

Multiple Linear Regression of Inhibitory:Excitatory Ratios. For DS and control
cohorts, data on sex, RIN, age, and DS vs. control status were collected. Data
were input into tables and Prism was utilized to calculate a multiple linear
least-squares regression for which the independent variable was ex:in ratio.
Sex and DS status were assigned binary indicator variables. No weighting was
utilized and no two-way or three-way interactions were accounted for.

DEG Analysis. Seurat was used to identify DEGs in DS compared with control
samples by cell type and between age groups. Default parameters for Find-
Markers were used to identify DEGs that were expressed in at least 10% of
either of the populations being compared, had at least a 0.25 log fold-
difference, and were significant based on aWilcoxon rank sum test.

Gene Enrichment Analysis. GO analysis was conducted using PANTHER (33–35).

Pseudotime Analysis. Count matrices and UMAP projections of specific cell
types from Seurat analysis were loaded intoMonocle3 (v0.2.1). Cells were par-
titioned, and pseudotime trajectories were learned and plotted. Endpoints
that clustered with the youngest samples’ cells were chosen as the roots for
each graph. Differential expression analysis was completed to determine
which genes had expression that varied as a function of pseudotime. Astro-
cytes separated into two partitions that were analyzed individually.

Processing of Long Reads and Isoform Calling. Samples from both untargeted
and targeted long-read datasets were demultiplexed and barcodes were
removed using lima (v1.10.0). Following the recommendations in the cDNA_
Cupcake repository (version updated 02/07/2020) for single-cell isoform analy-
sis, CCS reads were generated using ccs (v4.2.0) with the following parameters:
–minPasses 1 –min-rq 0.8 –minLength 50 –maxLength 21000. The 10X Geno-
mics R1 and TSO primer sequences and reads with improper primer orienta-
tion were removed using lima with the parameter –isoseq. UMIs and cellular
barcodes were identified for each read. Isoseq3 refine (v3.2.2) was used to
remove poly-A tails and artificial concatemers before mapping to the human
reference genome (GRCh38). cDNA_Cupcake’s (v9.0.1) collapse_isoforms_by_
sam.py was used to collapse redundant isoforms. SQANTI2 (v7.3.2) was used
to filter out monoexon isoforms and artifacts of intrapriming and annotate
the identified isoforms. Scripts from cDNA_Cupcake were used to assign UMIs/
barcodes and isoforms back to specific reads. Original scripts were written to
match specific reads back to sample and cell type, summarize which samples
each isoformwas detected in, and visualize the resulting isoforms in University
of California, Santa Cruz (UCSC) Genome Browser.
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Differential Isoform Expression and Usage Analysis. The protocol for using
tappAS (v0.99.15) for “Data from Long-read Sequencing Technology”
was followed.

RNAscope for Microglial Gene Markers. Sections of tissue (20 μm) were cut
and processed using the recommended kit protocol (2.5 HD Duplex Assay,
Advanced Cell Diagnostics 322500). Probes applied were C1QA (485451-C2)
and CX3CR1 (411251). Slides were imaged at 40×magnification.

Western Blot Analysis. Sections (200 μm) of five control and five DS brains
(including onewith a RIN below the cutoff for sequencing analysis) were lysed
in RIPA buffer separated on an Invitrogen Bolt 4–12% Bis-Tris protein gel and
transferred to a PVDF membrane. The blot was probed with antibodies to
CX3CR1 (Invitrogen #14-6093-81) and GAPDH (Invitrogen #AM4300) and visu-
alized using a LI-COR Biosciences CLx Imager. Bands were quantitated using
the LI-COR Image Studio Lite software.

Data Availability. Fastq files for Illumina reads and bam files for PacBio reads
are available through the European Genome-Phenome Archive with accession
number EGAS00001005691. Isoforms identified by long-read sequencing are
available through the UCSC Genome browser:

Untargeted dataset: https://genome.ucsc.edu/s/csl022/DSND_snIsoSeq_sample.

SPP1 targeted dataset: https://genome.ucsc.edu/s/csl022/SPP1_scIsoSeq.
APP targeted dataset: https://genome.ucsc.edu/s/csl022/APP_scIsoSeq.
BIN1 targeted dataset: https://genome.ucsc.edu/s/csl022/BIN1_snIsoSeq.
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