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What is Precision Medicine?
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The right drug…

…to the right patient …

…at the right time!
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Precision Medicine benefits from advancements in 

sequencing technology (NGS)
A very brief (and incomplete) history of genomics sequencing

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

1st draft 
Human 

Genome 
Reference 
Sequence

2nd draft 
Human 

Genome 
Reference 
Sequence

First Massively 
Parallel 

Sequencing 
Technology

HapMap Project

ENCODE Project: Phase 1

• 3.1 billion nucleotides (DNA) 
sequenced and assembled (chr1, 
chr2, …, chr22, chrX, chrY) from a 
few individuals

• Costs: $3.8B  $796B economic 
impact

• 1990 – 2003 (13 years)

1st NGS 
3.1B nucleotides from 1 individual
Jan 2007 – May 2007 (4 months)
Cost: $1.5M
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Precision Medicine benefits from advancements in 

sequencing technology (NGS)
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A very brief (and incomplete) history of genomics sequencing
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Launch: SU2C; 
International Cancer 
Genome Consortium 

(ICGC)

HapMap Project

ENCODE Project: Phase 1

TCGA Project: Phase 1 TCGA Project: Phase 2

UK10K Project

1000 Genomes Project

1st

publication 
1KG

1st publication TCGA
(12 major cancer types)

AACR Stand Up 2 Cancer

GA4GH

International Cancer Genome Project (ICGC): PCAWG, ICGCmed, ICGC-ARGO

ENCODE Project: Phase 2

Epigenomics Roadmap Project



The Precision Medicine Ecosystem
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S. J. Aronson, H. L. Rehm, Nature. 526, 336–342 (2015).



Transcriptome profiling
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Transcriptome profiling goal is to characterize the RNA in a tissue or cell.

The ‘simpler’ structure of RNA allows to employ most techniques used for DNA 
analysis – hybridization, polymerase chain reaction, etc.
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transcription translation

Nucleotides 
A,C,T,G

Nucleotides 
A,C,U,G

Amino Acids
A,R,N,D,C,E,Q,G,H,I,

L,K,M,F,P,S,T,W,Y,V



Sequencing & Analysis: A 

translation of biological 

material into a common 

language
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Licensed by the author: Shaury Nash under CC-BY-SA 

Tumor:     ATTCGATTATTC
Reference: ATTCGCTTATTC

Tumor:     ATTCGAACTTTATTC
Reference: ATTCGC---TTATTC

Tumor:     ATTCG--TATTC
Reference: ATTCGCTTATTC

SNVs & InDels
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Genome Era (1990s – 2000s)

~ 1991 Expressed Sequence Tags 
(ESTs) sequencing (500-800 
nucleotides)

~ 1995 Series Analysis of Gene 
Expression (SAGE) (9-12 
nucleotides)

~ 1999 Microarray

Science 21 Jun 1991; Vol. 252:Issue 5013: 1651-6

Science 20 Oct 1995:Vol. 270, Issue 5235, pp. 484-487

Science 286, 531 (1999);



RNA-Seq Experiment

Data management:

Mapping the reads

Creating summaries

Downstream analysis: the interesting stuff

Differential expression, chimeric transcripts, 
novel transcribed regions, etc.



Roadmap for RNA-seq analyses
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A. Conesa et al., Genome Biology. 17, 13 (2016).



Alignments for Transcriptomics (RNA-seq)
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A. Conesa et al., Genome Biology. 17, 13 (2016).



Expression Quantification
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FPKM/RPKM: Fragment/Reads per 

Kilobase of exonic region per Million 

of reads

TPM: transcripts per million

Normalization strategies affect results 

of comparisons (ERCC-spike-ins)
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Single end

Paired end

1. Divide the total # reads by 1M=scaling factor
2. Divide the read/fragment counts by the scaling 

factor=RPM/FPM
3. Divide RPM by the length of the genes in KB=RPKM/FPKM

1. Divide the read/fragment counts by the length of the 
gene=RPK

2. Sum all RPK and divide by 1M=scaling factor
3. Divide RPK by the scaling factor=TPM



Differential 

Expression

13

Comparison of groups
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J. Costa-Silva, D. Domingues, F. M. Lopes, PLOS ONE. 12, e0190152 (2017).

We have identified that the impact of the mapping tool on the final results is minimal, indicating the DEGs identification method is the main choice 
for differential expression analysis in RNA-Seq data.
We did not identify among the evaluated methods a tool that obtained optimum results in all performance measures, for the evaluated 
experimental conditions. The NOIseq, DESeq2 and limma+vomm methods present the best individual results with 95%, 95% and 93% of Specificity 
and 80%, 84% and 81% of True Positive Rate, respectively.

T. F. Khang, C. Y. Lau, PeerJ. 3, e1360 (2015).



Pathway analysis (gene set enrichment)
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Are a group of genes dys-regulated in a certain condition?

Clinical Research Genomics - Spring 2022

“The basic assumption is that although large changes 
in individual genes can have significant effects on 
pathways, weaker but coordinated changes in sets of 
functionally related genes (i.e., pathways) can also 
have significant effects. Therefore, the gene-level 
statistics for all genes in a pathway are aggregated 
into a single pathway-level statistic (e.g. the sum of 
all log-fold changes), which will then be evaluated.”

Introduction to differential gene expression analysis using RNA-seq Written by Friederike Dundar, Luce 
Skrabanek, Paul Zumbo https://chagall.med.cornell.edu/RNASEQcourse/Intro2RNAseq.pdf

https://chagall.med.cornell.edu/RNASEQcourse/Intro2RNAseq.pdf


What are chimeric transcripts?
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Transcripts that are not co-linear in the 
genome space

They can arise from:

genomic rearrangements, i.e. gene fusions

post-transcriptional events, i.e. trans-
splicing or cis-splicing
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Why are they (gene fusions) important?
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Fusion genes are often oncogenes

Ex: BCR-ABL1 (Philadelphia chromosome) in Chronic 
myelogenous leukemia (CML) and Acute 
Lymphoblastic leukemia (ALL) t(9;22)(q34;q11)

Fusion involving a proto-oncogene with a strong 
promoter resulting in upregulation (lymphomas)

Ex: (IgH locus)-MYC in Burkitt's lymphoma (cMYC over-
expressed)

Hampton OA et al. Genome Res 2009

Breast Cancer
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Why are they (trans-splicing events) important?

17

Trans(cis)-splicing was initially found in lower eukariotes, 
such as trypanosomes and worms

Short sequences of nucleotides are trans-spliced to 
distant 5' of many protein coding genes

Recently, they were found in mammalian cells:

JAZF1-SUZ12 in endometrial stroma cells (Li et al. 
Science 2008)

SLC45A3-ELK4 in prostate tissues (Rickman et al. 
Cancer Res 2009)

65% of protein-coding genes have distal 5' transcription 
start sites (ENCODE pilot) --> revised to ~50% the 
ENCODE 2012

Horiuchi, Takayuki, and Toshiro Aigaki.  Biology of the Cell 98, no. 2 (January 9, 2012): 135–140.
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An historical perspective of gene fusions
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1914

Theodore Boveri
hypothesized 
that cancer 

originates from 
chromosomal 

damage  

1950s 

Improved 
cytogenetics
techniques

1960

Novel & 
Hungerford 

report a 
recurrent minute 
chromosome in 

chronic 
mylogenous

leukemia (CML)

1970s

Chromosome banding 
enables the 

identification of 
specific arms and 
regions. Several 

rearrangements are 
identified in 

hematological 
malignancies: CML, BL, 

APL, follicular 
lymphoma

1980s-1990s

The list of 
rearrangements 
and tumor types 
grows including 

most 
mesenchymal 
tumors: e.g. 

Ewing sarcoma, 
alveolar 

rhabdomyo-
sarcoma

Early 2000s
Most 

rearrangements 
were discovered 

mainly in 
hematological and 

mesenchymal 
neoplasms

compared to 
epithelial

2005
The first fusion
(TMPRSS2-ERG) 

in a common
epithelial tumor 

(prostate 
cancer) was 

discovered (by 
bionformatics

analysis)

2005 -
Present
Several 

thousands
fusion 

events have 
been 

characterize
d, mainly 
from NGS 

approaches

2018

Targeted 
therapy 

approved 
pan-

cancer 
for NTRK 
fusions

Mitelman, F. and Heim, S. (2015) How it all began, in Cancer Cytogenetics: Chromosomal and Molecular Genetic 
Aberrations of Tumor Cells, Fourth Edition (eds S. Heim and F. Mitelman), John Wiley & Sons, Ltd, Chichester, UK



How many different gene fusions do we know?
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Cases: 72,105
Fusions: 32,795

Mitelman Database of Chromosome Aberrations and Gene Fusions in Cancer (2022). Mitelman F, Johansson B and Mertens F (Eds.), 
https://mitelmandatabase.isb-cgc.org



Gene fusions are important for clinical treatment
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Amatu A, et al. ESMO Open 2016;1:e000023. doi:10.1136/esmoopen-2015-000023



… and diagnostic/prognostic purposes
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Exclusively present in 
epitheliod
hemangioendothelioma
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Fusion supporting reads
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Spectrum of fusions in cancer types
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Protein kinase fusions

Chromatin Modifier fusions

https://www.tumorfusions.org/
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“Targeted” fusion detection methods



FDA-approved drugs targeting oncogenic fusions in solid tumors

Adapted from Dr. James Solomon

Fusion target Therapy Indication FDA approval

ALK fusion Crizotinib Lung August 2011

Ceritinib Lung May 2017

Alectinib Lung November 2017

Brigatinib Lung May 2020

Lorlatinib Lung (second line) November 2018

FGFR fusion Erdafitinib Urothelial April 2019

Pemigatinib Cholangiocarcinoma April 2020

ROS1 fusion Crizotonib Lung March 2016

Entrectinib Lung August 2019

RET fusion Selpercatinib Lung
Thyroid

May 2020

Pralsetinib Lung September 2020

NTRK1/2/3 fusion Larotrectinib Solid tumor November 2018

Entrectinib Solid tumor August 2019

PDGFB fusion Imatinib DFSP November 2006

MET exon 14 skipping Capmatinib Lung May 2020



Tools for detecting fusion transcripts
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http://omictools.com/gene-fusion-detection-category

RNA-seq short-reads “only”
Bellerophontes
BreakFusion
chimeraScan
CRAC
deFuse
EricScript
FusionAnalyser
FusionCatcher
FusionFinder
FusionHunter
FusionQ
FusionSeq
Jaffa
MapSplice
PRADA
shortFuse
SnowShoes-FTD
SOAPFuse/Fusion
TopHat-Fusion
STAR-fusion

RNA-seq & DNA-seq
BreakTrans
Comrad
nFuse

Transcript Assembly
CuffLinks
Scripture 
Trinity
Trans-Abyss

Gene fusion annotation
Chimera
Pegasus

http://omictools.com/transcriptome-assembly-category
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http://omictools.com/gene-fusion-detection-category
http://omictools.com/transcriptome-assembly-category


Single-cell RNA sequencing (scRNA-seq): higher 

magnification using the NGS microscope

27Clinical Research Genomics - Spring 2022

https://towardsdatascience.com/reduce-dimensions-for-single-cell-4224778a2d67
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Spatial profiling
Measurements (such as gene expression) that maintain the spatial information.

S. G. Rodriques et al., Science. 363, 1463–1467 (2019).

P. L. Ståhl et al., Science. 353, 78–82 (2016).



Summary and future directions
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• Massively Parallel Sequencing has enabled the discovery of additional fusion transcripts

• Specificity is the main challenge: too many false positives (FPs)!

• Longer reads: could help overcome the limitations of short reads

• Combination of tools may help further improve on the reduction of FPs

• “For the large bioinformatics community, development of a high-performing (accurate 
and fast) fusion detection tool or methods to combine top-performing tools remains an 
important and open question”

ans2077@med.cornell.edu

@asbonerw
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