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Human brain development
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Human brain organoids
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Alternative splicing

RNA splicing Alternative splicing (AS)
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AS regulates >90% of human genes.

« As is a major mechanism for generating protein diversity.

« The human brain displays the most distinctive AS pattern compared to other tissues.

Mutations disrupting alternative exons can cause human brain malformation (E#2) and epilepsy (&id).



Current limitations & Research gaps
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microfluidics-based single-cell RNA-seq
Limitations:

UMAP
K

3’ biased
Current short-read scRNA-seq platforms:

Belchikov et al. Genome Res. 2024

« predominantly built on read counts at the 3’ or 5’ end of polyA transcripts, do
not generate sufficient coverage for splice junctions;

* misses the opportunity to uncover coordinated splicing events.

Gaps:

What we don’t know:

» The expression of full-length splice isoforms in human neural development;

* The extent of cell-type-specific pre-mRNA splicing;

* How human genes are differentially spliced between cell types in neural development




Abstract & Framework
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Generate human cerebral organoids
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Single-cell and long-read RNA sequencing of human cerebral organoids
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» over 5% mitochondrial gene counts.

progenitors

3/6 organoid samples showing balanced cell types and cell numbers were selected for Iso-seq.
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Density
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Long-read RNA sequencing of human cerebral organoids

103,007 non-redundant isoforms

Human GENCODE v.40
-5 Reference
- FsM (perfectly matched isoforms)

- ISM (partially matched isoforms)

I - NIC (novel isoforms containing new
combinations of known donors and acceptors)
NNC (novel isoforms with
at least one novel donor or acceptor)

New isoforms

4,820 previously unannotated exons

4,137 coordinated splicing events

31,181 previously unannotated splice isoforms

Others
FSM (38.9%) M IC (17.5%)
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Long-read sequencing captured Full-Length transcripts.
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Long-read RNA sequencing of human cerebral organoids )i F
PTEN New isoform New exon

a tumor suppressor
one of the most extensively studied autism (ASD, HIZE) genes.
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unannotated PTEN splice forms may lead to:
1) the deletion of the catalytic N-terminal phosphatase domain
2) the shortening of the C2 domain.
« The FL transcriptome data greatly expanded the isoform catalog for cell
types in the human cerebral organoids.
« the sclso-seq uncovers previously unannotated splice isoforms that are y

biologically relevant.



Combining Single-cell and long-read RNA-seq data
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FLAIR (commonly-used in long-read RNA-seq data)

Skipped exon (SE)

Alternative 5 Splice

3 types site (A5SS)
Alternative 3' Splice
site (A3SS)

Isoform level
Exon level
2902 1486 148

Most of the genes (1,486/1,634 =
90.9%) that contained DSEs were
also differentially expressed at the
isoform level.

Differential splicing exons (DSEs) between cell types

Genes harboring neuron-specific exons were
enriched for postsynaptic density (PSD)

proteins (Figure 2G).
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Extensive alternative exon usage in human cerebral organoids
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Extensive alternative exon usage in human cerebral organoids
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most variable exons:
significantly shorter lengths.

» Cell-type-specific exons are prevalent in neural development.
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Differentially retained introns (DIRs) between neural cell types

DRI genes GO enrichment:

DRI genes KEGG enrichment:
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1,427 differentially retained introns (DRIs) PIR(Neuron) - PIR (Progenitor)
(|2PIR| = 5% and FDR < 0.05)
_ , More prevalent in neurons progentiors : f
percent intron retention REXO2  #—i ——t | -
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AS of ASD risk genes

Autism spectrum disorder (ASD) impairs social interaction and affects about AUTISM

. . b
2.8% of 8-year-old children in the US. ’ 3 (S
A
BEE, NARE, E—MgcarEnesraietsms . SAamE, BROERREMMEN SRE, T2 & =
FE SRR, B5ah. NEUAZIRIT A=A S E R EBEE A RAIRR. HYPERACTIVITY e i o
HEBEKN: 1. SRS —RERHSHASERERAEELE, FEEEESQBRE BT

|-ty

2, EERRERS: T2XIES. BEeABEE. ESNER, SEBBFERESES, 3. EEAIRTA: JEEIRE. &‘
SENMERE. HRERARERRNE. FHESIAENERR=NEAEEERE, REFHPZ—8Z2 . i

BUILT IN THE OBIECT NO EYE FOLLOWING DELAYED SPEECH

IN A RULER DEVELOPMENT
On the other hand, ASD genes have been reported to express different isoforms that are R > n _&
important for neural development and synaptic connectivity. A . - R

SFARI GENE

SFARI Gene is an evolving database

for the autism research community

that is centered on genes CATEGORY 1 CATEGORY 2 SYNDROMIC
: : n 1 = (High Confidence) (Strong Candidate)
implicated in autism susceptibility.

A comprehensive database that includes any gene associated with autism risk.
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DSEs inform the splicing disruption and genetics of autism

Inclusion variability across cell types for exons associated with ASD, ALS (Al Z4&MIZ=FE{L), and schizophrenia ({&%).

Disease-associated exons VS non-disease-associated exons

5 Disease-associated exons
& Non—disease-associated exons

1.00}p = 4-99-1:6 p= 4-26-1:3 p= 3-06-1;0 20 High (Aw = 0.75)
i i : i B Medium (0.25 < Ay < 0]75)
B Low (Ay <0.25)

=
2
3

Exon variability (max. AY)
o o
) I3
(6} o

Ratio of disease-associated
exons (%)
S

e
o
S

H TH T L b i

ASD  ALS Schizophrenia ASD  ALS Schizophrenia

« Significantly higher variability across cell types

« The most significant difference observed in ASD

Disease-associated exons:

defined based on differential splicing between
postmortem brain samples from affected
individuals and controls.

PSI (ASD) - PSI (Control)

C Enrichment
— SR e— :
3.98(2.37| 2.2 |2.66(2.32|9.41(4.86/|2.95| [2.08/2.05| 0 [3.09|2.42(1.962.68|2.51(1.85|5.13 2.52‘1.41 4.06| 2.2 [152|1.27| ASD
257)2.36| 0 || 1.6 [1.57|1.24|9.78(4.38/ 3.3 [|1.11| 0 | 0 [107[ 0 | 0 | 0 | 0 | 0 | O [[3.21] 21 7.51}4.22 1.41)2.77| ALS
1.33]1.79/0.89| [0.57| 0 [1.15] 0 [0.96/0.55||2.28/1.61|6.49|1.71|1.44| 0 [1.84R0.47 0 | 0O 1.84‘2422 1.79|1.44|2.18/2.64) Schizophrenia
500 22 9 0 ¢ 0 ¥ © O - © YT NON ®WOLOL DD
S f §3 5355 0000000000 O = £ £ &
clO 0 = N N £ & R R R R R R R ) o © O T T T
o|1. o S © g 5} g g > > > > 3> > > 3> 3> 3> > 0 0S5 S
212 ¢ =4 £ o EE S S SV ITINYg NN > > 3 0o
QIZ 2 ELELEE OO0 OO OR s Onae =5
Ll 8 » & 5 &7 & o o o o oo 2 22
2|15 28§ >8 > > M 0
0 > > > @ O O =
S|z @ 5 ¢ § ¢ § 3 (&)
e e ¥ Z £ Z £ N -log10 (g-value)
=] o = 28 220 9 )
z S 298 Ex - M
w & g e = T o I3 - S N
o < ‘T (=} 3] o
x =
i = O

significant enrichment in ASD-associated exons.

AS pattern

p = 6.4e-11 144 differentially spliced exons

control subjects

-1.0 -05 0.0 0.5 1.0
PSI (Neuron) - PSI (Progenitor)

Individuals with ASD appears closer to the splicing state in progenitors
than in differentiated neurons.

v) #j

ZHEJIANG UNIVERSITY

(1) between neurons and progenitors

(2) between individuals with ASD and
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AS of ASD risk genes

y) #ihf

ZHEJIANG UNIVERSITY

Examined the splicing pattern of specific ASD genes cataloged in (1) the SFARI database, and (2) a recent study.

) Progenitor > Neuron Neuron > Progenitor
SFARI autism genes
o CADM1 11 @ SE
401 - A
. IR
DSGs ’5; ! ! m A3SS
757 3 L
106 < 301 '\ 1+ A5SS
2481 >
5 1 AKAP9 .
8 103 a ° i
46 o 20; R
VAMP21 1 NRCAM
Fu et al2022 8 AT Nt -
| [
10+ HNRNPK! 1 GNAS CAMK2B
o ! ! NCKAP] e
B g ! Ao
ANK2 | APBB1 | ATP1A3 | CAPRIN1| CELF2 m PTENSG . o o ©®
CHD2 | CORO1A| CSNK1E | DEAF1 |DYNC1H1 of-—""-- -'—"’5-‘;-‘:- -':'W-"i"?-‘* oA
EHMT1 | GRIA2 | HNRNPD | KDM5B | MEIS2 y T . .
NCKAP1| PBX1 |PSMD12 | PTEN | SCN1A -0.4 0.0 04 0.8
SETD5 |SMARCC2| SPAST [SYNCRIP| SYT1 .
= T i oo PSI/PIR (Neuron) - PSI/PIR (Progenitor)

142 ASD genes were differentially spliced between neural cell types

PSI, percent spliced in
PIR, percent intron retention

PSD (postsynaptic density, RAHfEZE) proteins
constitute ~1/4 ASD genes (33/142)

NCKAP1 (chr2:183,024,978-183,024,995)
L : 60%  jncluded l Neuron

3% i
,L_ skipped /J Progenitor

n L
183026403 183035158

18-bp microexon

ASD gene; regulates neuronal cytoskeletal dynamics

Also lower in the neocortices of ASD individuals
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AS of ASD risk genes

) i g

ZHEJIANG UNIVERSITY

5 ASD genes _ _ _
AS potentially coupled with NMD (nonsense-mediated mRNA decay)
SNAP25, HNRNPD, SF3B1, METTL26, JMJD1C Functional allele PTC allele
SNAP25 (chr20:10,284,723-10,284,772) b _1© AIG PIC K
1 99% Traps_cnptlon, Tra_ns_cnptlon,
Neuron { splicing and export splicing and export
A A 3 A
v —L - B\ — A —
84% | 1 _ AUG TC AUG PTC X
L ————nx l = { ‘=1 Progenitor Productive NMD
= translation
F 10281231 ERENE Normal allelic expression levels Reduced allelic
““““““““““ e of functional protein expression levels
deleterious de novo mutation (DNM) ~ C-142G>T, p.Val48Phe ® o9 of aberrant protein
@, e o ¢ €
SIFT value = 0.01 --.... €

PolyPhen value = 0.997 : :

The exclusion of the SNAP25 DSE

frameshift
premature stop codon

Cell-type-specific NMD exons regulate gene expression and may contribute to autism pathogenesis.
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Summary & Discussion

sclso-seq of human cerebral organiods

Novelty & Significance:
Cell i ion vs gene expression on reduced dimension:
In this tab, users can visualise both cell information and gene expression side-by-side on low-dimensional representions.
 sclso-seq analysis of cerebral organoids (data & resource);

X-axis:

UMAP1

Y-axis:

UMAP2

» Expanded transcript annotation & splicing landscape;

Cell information Gene expression
Gene name: @

Cell information: (6]

Toggle plot controls Toggle plot controls

seurat_clusters - FOXO3B

+ Provide a cell-type-specific full-transcript reference of human e
cerebral organoids; ’

C11_Dividing ‘progentior
ow QualtyiCelisty ‘-
k%

UMAP2

« analyzed the regulatory mechanism of cell-type-specific
cassette exons during neurogenesis.

C18_Caja
C19_OPC

Limitations:

FOXO3B

ctz
® C13_Stressed.

(1) variations in the cell-type proportions were frequently seen in different organoid batches;

(2) the in vitro culture of cerebral organoids is different from the developing brain, its lack of vasculature and
limited neuronal differentiation, brain samples are needed !

(3) involving patient-derived iPSCs and organoids would be much more convincible.
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