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Accurate Characterization of Complex Isoforms 

in Bulk and Single Cell Transcriptome
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TALK OVERVIEW

- Iso-Seq Introduction

- Iso-Seq for Whole Transcriptome Sequencing

-Single Cell Iso-Seq



TRADITIONAL RNA-SEQ

Identifying transcripts is 

an assembly problem

Gene

Reads 

spanning 

splice 

junctions

mRNA isoforms

Fragmented Reads



PACBIO ISO-SEQ: FULL-LENGTH RNA-SEQ

Identifying transcripts is a 

clustering problem

Full-Length 

Reads

mRNA isoforms

Gene



PACBIO ISO-SEQ: FULL-LENGTH RNA-SEQ

Sample Prep:

• Full-Length cDNA

• One read = one molecule

Analysis:

• Group full-length reads at transcript-level

Poly-A+ RNA

Full Length

1st Strand cDNA

Amplified cDNA

Combined SMRTbell

Library



ISO-SEQ READS ARE HIGHLY ACCURATE

Poly-A+ RNA

Full Length

1st Strand cDNA

Amplified cDNA

Combined SMRTbell

Library

Generate 

CCS reads



CIRCULAR CONSENSUS SEQUENCING GENERATES 

HIGH FIDELITY READS

https://www.biorxiv.org/content/10.1101/519025v2

- Circular Consensus Sequencing (CCS) 

derives a consensus read from multiple 

passes

- Errors are randomly distributed → more 

passes, errors cancel out

https://www.biorxiv.org/content/10.1101/519025v2


CIRCULAR CONSENSUS SEQUENCING GENERATES 

HIGH FIDELITY READS

https://www.biorxiv.org/content/10.1101/519025v2

- At 10-pass, reads reach QV30 (99.9%) 

https://www.biorxiv.org/content/10.1101/519025v2


ISO-SEQ ADVANTAGES

Poly-A+ RNA

Full Length

1st Strand cDNA

Amplified cDNA

Combined SMRTbell

Library

• de novo (genome not required)

• No assembly

• Full-length (5’ to 3’)

• High accuracy ( >99%)



ISO-SEQ: SEQUEL II REDUCES SEQUENCING NEED

Cell Pol Reads
Pol Reads

ReadLength

Full-Length

Reads
Genes Isoforms

1 692,920 46 kb 430,257 9,795 21,655

2 708,612 39 kb 420,709 9,574 20,997

Cell Pol Reads
Pol Reads

ReadLength

Full-Length

Reads
Genes Isoforms

1 4,526,555 52 kb 2,673,823 14,955 84,096

2 6,438,820 50 kb 4,077,813 16,314 106,358

Iso-Seq on Sequel

Iso-Seq on Sequel II

10



SEQUEL II DATA RELEASE

Data Release Link 

11

https://github.com/PacificBiosciences/DevNet/wiki/Sequel-II-System-Data-Release:-Universal-Human-Reference-(UHR)-Iso-Seq


Bulk Transcriptome Sequencing



COMPARATIVE GENOME + TRANSCRIPTOME SEQUENCING

- Human, Chimp, and Orangutan

- de novo genome assembly using PacBio

- Iso-Seq + RNA-Seq for annotation

- Improved genome contiguity by 30- to 500-fold

- 83% of ape genome now in multi-species alignment

- Systematic SV discovery (~600k in ape)

- Rare human-specific exonic deletion detected



HUMAN SPECIFIC DELETIONS DETECTED BY CROSS-SPECIES 

ISO-SEQ COMPARISON
Blog: Finding Human by sequencing our Ape relatives

https://medium.com/pacbio/finding-human-by-sequencing-our-ape-relatives-4cbc9b868312


SEQUENCING THE CANCER GENOME & TRANSCRIPTOME

Nattestad, M. et al. Complex rearrangements and oncogene amplifications revealed by long-read DNA and RNA sequencing of a breast cancer cell line. 

Genome Res. 1–19 (2018). doi:10.1101/gr.231100.117

Blog: Visualizing the Chaos of Cancer

https://medium.com/pacbio/visualizing-the-chaos-of-cancer-one-tool-at-a-time-a9e083f8bc31


SK-BR3 REARRANGEMENTS, VISUALIZED

Nattestad, M. et al. Complex rearrangements and oncogene amplifications revealed by long-read DNA and RNA sequencing of a breast cancer cell line. 

Genome Res. 1–19 (2018). doi:10.1101/gr.231100.117

Blog: Visualizing the Chaos of Cancer

https://medium.com/pacbio/visualizing-the-chaos-of-cancer-one-tool-at-a-time-a9e083f8bc31


SK-BR3 REARRANGEMENTS, VISUALIZED

Nattestad, M. et al. Complex rearrangements and oncogene amplifications revealed by long-read DNA and RNA sequencing of a breast cancer cell line. 

Genome Res. 1–19 (2018). doi:10.1101/gr.231100.117

Blog: Visualizing the Chaos of Cancer

https://medium.com/pacbio/visualizing-the-chaos-of-cancer-one-tool-at-a-time-a9e083f8bc31


ISO-SEQ CONFIRMS A NEW “3-HOP” GENE

Nattestad, M. et al. Complex rearrangements and oncogene amplifications revealed by long-read DNA and RNA sequencing of a breast cancer cell line. 

Genome Res. 1–19 (2018). doi:10.1101/gr.231100.117

- In total, Iso-Seq identified 15 gene fusions with genomic evidence

Blog: Visualizing the Chaos of Cancer

https://medium.com/pacbio/visualizing-the-chaos-of-cancer-one-tool-at-a-time-a9e083f8bc31


ISO-SEQ FINDS NOVEL AR ISOFORM IN PROSTATE CANCER

Kohli et al., Androgen Receptor Variant AR-V9 Is Coexpressed with AR-V7 in Prostate Cancer Metastases and Predicts Abiraterone Resistance, 

Clinical Cancer Research (2017)

- Sequenced Androgen Receptor gene (AR) in prostate cancer

- AR-V7 is a known variant that prohibits successful therapy in 

castration-resistant prostate cancer



ISO-SEQ FINDS NOVEL AR ISOFORM IN PROSTATE CANCER

Kohli et al., Androgen Receptor Variant AR-V9 Is Coexpressed with AR-V7 in Prostate Cancer Metastases and Predicts Abiraterone Resistance, 

Clinical Cancer Research (2017)

- Iso-Seq data identified AR-V9 often co-expressed with AR-V7

- Iso-Seq data re-annotated the cryptic exons CE3 and CE5 as a 

single 3’ exon with different splice sites

- AR-V9 expression predictive of therapy resistance



TARGETED DNA + RNA CAPTURE OF SNCA GENE

Collaboration with Ornit Chiba-Falek (Duke), preprint online

https://www.biorxiv.org/content/10.1101/524827v1


TARGETED DNA + RNA CAPTURE OF SNCA GENE



Isoform-level Haplotyping



ISOFORM-LEVEL PHASING IN ISO-SEQ

The full-length and single-molecule nature of Iso-Seq data enables isoform-

level phasing. 

SNPs



ISOFORM-LEVEL PHASING IN ISO-SEQ

Sort alignment in IGV by SNP



ISO-PHASE: ISOFORM PHASING USING ISO-SEQ DATA

ALIGNMENT

Position SNPs

POS1 A,	G

POS2 C,	T

POS3 C,	A

SNP CALLING PHASING

cor r ect ion

##fileformat=VCFv4.2
#CHROM  POS ID  REF ALT QUAL  FILTER  INFO    FORMAT  ISOFORM1   ISOFORM2
chr1    105 .   A   G   .   PASS    DP=40;AF=0.50   GT:HQ   0|1:20,20 0:15 

chr1    190 .   C   T   .   PASS    DP=40;AF=0.50   GT:HQ   0|1:20,20 0:15 
chr1    336 .   C   A   .   PASS    DP=40;AF=0.50   GT:HQ   0|1:20,20 0:15

VCF OUTPUT
Can optionally include RNA-seq as input for SNP calling



SAMPLE SETUP

Photo Credit: www.vecteezy.com

B73

Ki11

male B73 

X

female Ki11

male Ki11 

X

female B73

Endosperm

Root

Embryo

12 barcoded cDNA samples

Pooled into 4 libraries

Sequenced for each lib

Wang et al. (in preparation)



ALLELE-SPECIFIC EXPRESSION

- B73xKi11 only expresses the Ki11 (female) allele

- Ki11xB73 only expresses the B73 (female) allele

- Short read data confirms this allele-specific expression



ALLELE-SPECIFIC EXPRESSION
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ALLELE-SPECIFIC EXPRESSION

- B73xKi11 only expresses the Ki11 (female) allele

- Ki11xB73 only expresses the B73 (female) allele

- Short read data confirms this allele-specific expression



ALLELE-SPECIFIC ISOFORM EXPRESSION

- Two parents express different isoforms (3’ exon difference) 



ALLELE-SPECIFIC ISOFORM EXPRESSION

- Both F1s inherit the allele-specific isoform expression



THE PACBIO ISO-SEQ METHOD CAN BE USED TO…

-Characterize full-length transcripts for whole transcriptome and targeted 

genes with multiplexing capacity.

- Identify novel isoforms

-Validate cancer fusion genes

-Discover allelic specific isoform expression (parental data not required)



Single Cell Iso-Seq



SINGLE CELL SEQUENCING REVEALS CELL HETEROGENEITY

Potter, S. Steven. 2018. “Single-Cell RNA Sequencing for the Study of Development, Physiology and Disease.” Nature Reviews. Nephrology



PACBIO WORKS ACROSS SINGLE CELL PLATFORMS

36

Macaulay et al. 2015. “G&T-Seq: Parallel Sequencing of Single-Cell Genomes and Transcriptomes.” Nature Methods

Karlsson, Kasper, and Sten Linnarsson. 2017. “Single-Cell mRNA Isoform Diversity in the Mouse Brain.” BMC Genomics



PACBIO WORKS ACROSS SINGLE CELL PLATFORMS

37https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pdf

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pdf


PACBIO WORKS ACROSS SINGLE CELL PLATFORMS

38https://www.youtube.com/watch?v=XKIT0Tw664s

https://www.youtube.com/watch?v=XKIT0Tw664s


WHY LONG READS FOR SINGLE CELL SEQUENCING?

Macosko, E. Z. et al. Highly Parallel Genome-wide Expression Profiling of Individual Cells Using Nanoliter Droplets. Cell 161, 1202–1214 (2015).

- Short reads only review gene-level information



Single Cell Flu Viral Sequencing



41

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pd

Russell, Alistair B., Jacob R. Kowalsky, and Jesse D. Bloom. 2018. “Single-Cell Virus Sequencing of Influenza Infections That Trigger Innate Immunity.” 

bioRxiv. https://doi.org/10.1101/437277. f

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pdf
https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pdf


SINGLE CELL DATA REVEALED EXTREME VARIATION IN VIRAL 

RESPONSE

Russell, Alistair B., Cole Trapnell, and Jesse D. Bloom. 2018. “Extreme Heterogeneity of Influenza Virus Infection in Single Cells.” eLife
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Variation in viral response was NOT explained by

• Initial viral dosage

• Gene expression differences

• Immune response (IFN expression)



HYPOTHESIS: MUTATIONS IN THE ”WILDTYPE” VIRUS IS 

RESPONSIBLE FOR THE VARIATION

Russell, Alistair B., Cole Trapnell, and Jesse D. Bloom. 2018. “Extreme Heterogeneity of Influenza Virus Infection in Single Cells.” eLife

REALITYIDEAL



PACBIO FOR FULL-LENGTH VIRAL SEQUENCING

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pd

Russell, Alistair B., Jacob R. Kowalsky, and Jesse D. Bloom. 2018. “Single-Cell Virus Sequencing of Influenza Infections That Trigger Innate Immunity.” 

bioRxiv. https://doi.org/10.1101/437277. f

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pdf
https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pdf


Cells infected by wildtype virions often 
produce lots of viral mRNA

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pd

Russell, Alistair B., Jacob R. Kowalsky, and Jesse D. Bloom. 2018. “Single-Cell Virus Sequencing of Influenza Infections That Trigger Innate Immunity.”

Slide courtesy of J Bloom

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pdf


Virions with mutations sometimes produce 
little viral mRNA

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pd

Russell, Alistair B., Jacob R. Kowalsky, and Jesse D. Bloom. 2018. “Single-Cell Virus Sequencing of Influenza Infections That Trigger Innate Immunity.”

Slide courtesy of J Bloom

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pdf


Virions with defects sometimes produce IFN: 
fails to express NS

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pd

Russell, Alistair B., Jacob R. Kowalsky, and Jesse D. Bloom. 2018. “Single-Cell Virus Sequencing of Influenza Infections That Trigger Innate Immunity.”

Slide courtesy of J Bloom

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pd


Virions with defects sometimes produce IFN: 
point mutation in NS

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pd

Russell, Alistair B., Jacob R. Kowalsky, and Jesse D. Bloom. 2018. “Single-Cell Virus Sequencing of Influenza Infections That Trigger Innate Immunity.”

Slide courtesy of J Bloom

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pd


150 cells infected, only 49 by wildtype virions

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pd

Russell, Alistair B., Jacob R. Kowalsky, and Jesse D. Bloom. 2018. “Single-Cell Virus Sequencing of Influenza Infections That Trigger Innate Immunity.”

Slide courtesy of J Bloom

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pd


https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pd

Russell, Alistair B., Jacob R. Kowalsky, and Jesse D. Bloom. 2018. “Single-Cell Virus Sequencing of Influenza Infections That Trigger Innate Immunity.”

Viral genetic variation is a significant 
contributor to heterogeneity in viral burden

Slide courtesy of J Bloom

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pd


https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pd

Russell, Alistair B., Jacob R. Kowalsky, and Jesse D. Bloom. 2018. “Single-Cell Virus Sequencing of Influenza Infections That Trigger Innate Immunity.”

Viral mutations contribute to IFN induction

Slide courtesy of J Bloom

https://www.biorxiv.org/content/biorxiv/early/2018/12/28/437277.full.pd


Single Cell Iso-Seq on the 

Sequel II platform



SINGLE CELL ISO-SEQ FOR HUMAN ORGANOIDS

53https://www.youtube.com/watch?v=XKIT0Tw664s

https://www.youtube.com/watch?v=XKIT0Tw664s


DROP-SEQ FOR FULL-LENGTH CDNA CHARACTERIZATION

Macosko et al. Cell 2015

Ziegenhain et al. Mol Cell 2017

Post PCR

PacBio Shear

Iso-Seq

3’ RNA-Seq



CEREBRAL ORGANOIDS AS A MODEL FOR 

PRIMATE BRAIN DEVELOPMENT

 

Figure 1. Organoid models reflect normal features of human and chimpanzee brain development. a) The human 

brain has expanded dramatically compared with other primates, but brain tissue is largely inaccessible from developing 
chimpanzee. To compare human and chimpanzee development, our study focuses on three analysis questions that 

integrate data from primary human (pink) and macaque samples (light blue) with human (brown) and chimpanzee (blue) 

organoid models. b) Histograms and heatmap depict the number of individuals and primary or organoid samples and the 
distribution of samples over post conception or post differentiation weeks. c) Heatmap represents the fraction of cells 
expressing each marker gene across cells from each primary sample or organoid, and table summarizes the number of 
samples that predominantly express markers for a given regional identity. d) Immunohistochemistry for markers of radial 

glia (SOX2), intermediate progenitors TBR2 (EOMES), and neurons CTIP2 (BCL11B), SATB2, reveals histological and 
cellular features of normal neurogenesis in the germinal zones of human and chimpanzee cerebral organoids, but a much 

more extensive intermediate zone and cortical plate in primary samples.  

Available

iPS Lines

Kronenberg et al. Science 2018    Pollen et al. Cell 2019

Astrocytes

Neurons

Radial Glia

Cycling (G2M)



SINGLE CELL ISO-SEQ ON THE SEQUEL II PLATFORM

*Mapped to hg38. Compared to Gencode v29.

SAMPLE FLNC (post-filter) UNIQUE

READS

UNIQUE

GENES*

UNIQUE

ISOFORMS*

Chimp 

Organoid

2,303,267 418,542 14,049 58,892

Human

Organoid

2,291,947 382,734 14,737 60,815



CUMULATIVE READ PLOT

33456 57

PacBio Illumina

Barcodes



GENES DETECTED PER CELL: HUMAN

Short Read
Long Read

Mean 729 315



POLYA SIGNALS IN SINGLE CELL ISO-SEQ

# of Obs % of Obs

AAUAAA 24,596 59.3%

AUUAAA 6,606 15.9%

AGUAAA 1,365 3.3%

UAUAAA 1,280 3.1%

AAGAAA 1,028 2.4%

AAAAAG 932 2.2%

…

PacBio Human Organoid Single Cell

pA signals in humans: Beaudoing et al. 2000



POLYA SIGNAL LOCATION IN SINGLE CELL ISO-SEQ

Human Organoid

-15



MATCHING TSS IN SINGLE CELL ISO-SEQ TO CAGE DATA

Human

Full splice match 

Class # Isoforms % with CAGE Peak 

≤50 bp

Full Splice Match 18,344 78%

Incomplete Splice Match 13,802 37%

Novel In Catalog 19,033 44%

Novel Not In Catalog 9,197 67%

Intergenic 245 29%



SPLICE JUNCTION VALIDATION

GENCODE v29 Novel

87% 13%



SPLICE JUNCTION VALIDATION

GENCODE v29

87.3%

3.8%

6.1%

2.8%

Human Developing Cortex

Single Cell

Intropolis v1

Novel

DevCortex- ~4000 cells C1: Nowakowski et al. Science 2017

21,500 RNAseq datasets: Intropolis: Nellore et al. Genome Biol. 2016



POST-TRANSCRIPTIONAL GENE REGULATION ON DISPLAY

3’ UTR intron

Triggers NMD

Gene regulatory 

mechanism?



Scale

chr7:

30-way El

Chimp

Bonobo

Gorilla

Orangutan

Gibbon

Proboscis_monkey

Black_snub-nosed_monkey

Golden_snub-nosed_monkey

Angolan_colobus

Crab-eating_macaque

Rhesus

Baboon

Pig-tailed_macaque

Sooty_mangabey

Green_monkey

Drill

Squirrel_monkey

Ma’s_night_monkey

Marmoset

White-faced_sapajou

Tarsier

Sclater’s_lemur

Black_lemur

Coquerel’s_sifaka

Mouse_lemur

Bushbaby

Mouse

Dog

Armadillo

20 kb hg38

74,025,000 74,030,000 74,035,000 74,040,000 74,045,000 74,050,000 74,055,000 74,060,000 74,065,000 74,070,000 74,075,000

Human Organoid Astrocytes

Human Organoid RG/glycolysis/choroid

Human Organoid G2M

Human Organoid Mitochondia/S phase cells

Human Organoid Neuron

Human Organoid Outlier

Human Organoid Progenitor

GENCODE v29 Comprehensive Transcript Set (only Basic displayed by default)

NCBI RefSeq genes, curated subset (NM_*, NR_*, and YP_*) - Annotation Release NCBI Homo sapiens Annotation Release 109 (2018-03-29) 

30 mammals Basewise Conservation by PhyloP (27 primates)

30 mammals conservation by PhastCons (27 primates)

Mammals Multiz Alignment & Conservation (27 primates)

Multiz Alignments of 30 mammals (27 primates)

ELN

ELN

ELN

ELN

ELN

ELN

ELN

ELN

ELN

ELN

ELN

ELN

ELN

Cons 30 Mammals

1 _

-3 _

Cons 30 Mammals
1 _

0 _

MULTIPLE TROPOELASTIN ISOFORMS ARE 

EXPRESSED IN ASTROCYTES



SINGLE CELL ISO-SEQ

-Single Cell Iso-Seq delivers full-length transcript information 

-Highly accurate CCS (HiFi) reads yield accurate cell barcode and UMI 

information that can be matched back to short read data
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