Three types of maps

Genetic map (cM or mu)

Metric:
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Physical map (Mb)
—

DNA sequence (bp)

actggtcaaacgtacggatacaggtaattgaccacattatatagaccacgattcgatcgcatac



Sequencing Strategies

Whole genome “shotgun” and assembly
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End reads from multiple inserts may be overlapped to produce a contig

Primer 2
Shear the DNA and
then clone it into vectors V /
that have primer sites 4
that read into the insert
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De Novo Genome Assembly
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FIGURE 1 | Overview of the main advantages of current long-read sequencing (LRS) approaches in medical genetics. The predominant difference between LRS and
the conventional SR-NGS approaches is the significant increase in read length. In contrast to short reads (150-300 bp), LRS has the capacity to sequence on
average over 10 kb in one single read, thereby requiring less reads to cover the same gene (illustrated in top panel). Hence, aside from reducing alignment and
mapping errors, LRS holds various advantages over short-read approaches which can greatly impact medical genetics (bottom panel). (1) Improved detection and
characterization of large structural variation (SV), due to, e.g., large inversions or translocations. (2) Capacity to directly, and with that more accurately, sequence over
long tandem repeat expansions and extreme GC-rich regions. (3) Enhanced phasing, i.e., assignment of genetic variants to the homologous paternal or maternal
chromosomes, to determine inheritance patterns, parental origin of de novo events, mosaicism, allele specific expression and disease risk haplotypes. (4) Improved
discrimination of clinically relevant genes from their pseudogenes.



Long-read sequencing allows you to recover transcript isoforms

without a reference genome to act as a scaffold.

It also allows you to see which exons are linked to which other

exons 1n the same transcipt

Full-length mRNA sequencing o
5GP PP Transcript 1 Isoform 1
i -
Isoform 2
5G-BEPP Transcript 2
>—4 i——iHa
5GP PP Isoform 3
i—& |
\
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e.g. alternative transcriptional start sites (TSS), alternative splicing of exons, alternative 3’ polyadenylation sites (PAS)
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FIGURE 2 | Applicability of long-read sequencing (LRS) to unveil the transcriptome landscape of cells and tissues. Given the significant improvements in read length,
employing LRS on BNA level now allows for full-length isoform sequencing, covering the complete mBNA transcript in one single read (panel 1). As recent advances
have demonstrated the isoform landscape to be more complex than initially thought, LRS holds the potential to identify novel isoforms (panel 2), as well as detect
transcriptional and post-transcriptional modification sites, e.g., alternative transcriptional start sites (1SS), alternative splicing of exons and alternative transcription
termination sites (3'polyadenylation sites; PAS), that underpin the emergence of different isoforms (panel 3). Collectively, uncovering the full isoform diversity within

cells and tissues.




A more complete reference

The new human genome assembly, T2T-CHM13 from the Telomere-to-Telomere
Consortium, includes complex and repetitive regions of chromosomes that
had not been included in previous versions of the human genome assembly
(GRCh38). Although the Y chromosome remains to be completed, this new
reference could be annotated with regulatory regions, variants, and sequence
diversity to give a fuller picture of human genomic variation.

Chromosome 1
GRCh38
T2T-CHM13

Sample 1

sampie2 | e

Sample 3
This individual has This individual This individual
an extra copy of a IS missing a has a sequence
sequence thatis in sequence that is 1 that is not in

the reference. in the reference. the reference.



Table 1 Summary of variants in the euchromatic portion of a human genome

Average number of sites Average sum of variant Percentage of diploid
Variant type (thousands)? length (Mbp)® genome*

All 5,045.39 44.24 0.763
SNV (including MNPs) 3,992.73 3.99 0.069
Indel 1LO21.73 3.63 0.063
AT 30.93 36.62 0.631
STR 2.65 0.19 0.003
VNTR 12.58 1.36 0.023
Other low complexity 2.58 0.13 0.002
SD 0.55 6.25 0.108
Mobile element 6.18 1.91 0.033
LINE1 0.98 0.91 0.016
ERV 0.64 0.27 0.005
Alu 3.49 0.48 0.008
SVA 1.07 0.25 0.004
Inversion 0.15 23.2 0.400
Unclassified/mixed 6.23 3.58 0.062

Abbreviations: ERV, endogenous retrovirus; indel, insertion or deletion; LINE1, long interspersed element 1; MNP, multiple-
nucleotide polymorphism; SD, segmental duplication; SINE, short interspersed element; SNV, single-nucleotide variant;
STR, short tandem repeat; SV, structural variant; SVA, SINE-VNTR-AIlu; VCF, Variant Call Format; VNTR, variable number
tandem repeat.

a The average number of sites observed of a given variant type within each genome.

b The average total length of variant sites.

¢ The percentage of a diploid genome that each variant type represents, assuming a 5.8-Gb diploid euchromatic genome
length. The values exclude heterochromatin due to uncertainty around assembly and alignment for all variants except
inversions.

d SVs include all structural variants; the remaining rows are SV subclasses. Unclassified/mixed denotes a class of SVs for
which reliable annotation could not

be given.
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Overview of the process of human genome sequence assembly. (a) Sequence length improvements to the human genome reference
sequence over time. (b) Overview of the genome sequence assembly process. First, individual sequencing reads are generated from a
sample. Then, the sequencing reads are compared with each other to identify overlaps. Overlapping reads are then merged to generate
a genome sequence. (c) Overview of pangenome reference assembly and analysis. First, the pangenome is assembled from multiple
individual genome sequences, revealing commonalities and differences among them. Later, sequencing reads generated from other
samples can be mapped (or aligned) to the pangenome reference to detect variants and establish genotypes. (d) Applications for human
genome analysis. Abbreviations: SNP, single-nucleotide polymorphism; T2T, telomere-to-telomere.
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Assembling random DNA sequence reads

into sequence contigs
actgggtttaatatgacgatcgatcgtcagc

cgtcagctcgcatcgactagctacg
actgggtttaata

tgacgatcgatcgtcagctcgcatcgactagctacg

With more than 30% of the genome being repeats, this can be
challenging

actgggtttaatatgacgatcgatcgtcagctcgcatcgactagctacg
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AACCATCTGATCTTTGACAAACGTGACAAAAACAAGCAATGGAGAAAGGATTCCCTATTTAATAAATGGT
GTTGGGAAAACTAGTTAGCCATATGCAGAAAACGGAAACTGGACCCCTTCCTTACACCTTATACAAAAAT
TAACTCAAGATGGATTAACGACTTAAACATAAAACATAAAAACATAAAAACCCTAGAAGAAAACCTAGAC
AATATGATTCAGGACATAGGCATGGGAGAAGACTTTATGACTAAAACACCAAAAGCAATAGCAACAAAAG
CCAAAATTGACAAATGGGATCTAATTAAGCTAAAGAGCTTCTGCACAGCAAAAGAAACTATCATCAGAGT
GAATAGGCAACCTACATAATGGGAGAAAATTTTTGCAATCTATCCATCTGACAAAGGGCTAATATCCAGA
ATCTACAAAGAACTTGAACAAATTTACAAGAAAAAAACAACTCCATCAAAAAGTGGGCAGTAAGAACAGA
CACTTCTCAAAAGAAGACATTTATGCAGCCAATACACATATGAAAAAAAGCTCATCATCACTGGTCATTA
GAGAAATGCAAATGAAAATCACAATGAGATACCATCTCATGCCAGTTAGAATGGTGATCCTTAGGAGGTC
AGGAAACAACAGATGTTGAAGAGGATGTGGAGAAATAGGAACACTTTTACACTGTTGGTGGGAGTATCAA
TTAGTTCAACCACTGTGGAAGACAGTGTGGCAATTCCTCAAGGATCTAGAACTAGAAATACCATTTGACC
CAGCAATTCCATTGCTAGGTATATACCCAAAGGATTATAAATCATTCTACTATAAAGACACACACACACG
TATGTTTACTGCGGCACTGTTCACAATAGCAAATACTTGGAACCAACCCAAATGCCCATCAGTGATAGAC
TGGATAAAGAAAACATGGCACATATACACCATGGAATACTATGCAGCCATAAAAAGGTTGAGTTCACGTC
CTTTGCAGGGACATGGCTGAAGCTGGAAACCATCATTCTCAGCCAACTAACGTAAGAACAGAAAACCAAA
CACTGCATATTTTCACTGATAAGCGTGAGTTGAACAATGAGAACACATGGACATGGGGAAGGGAACATCA
CACACTGGGGCCTGTCAGGGGTTGAGGGGTTAGGGGAGGGATAGTATTAGGAGAAATACCTAATGTAGAT
GACAAGTTGATGGGTGCAGCAAACCACCATGGCACATGGATATCTATGTAACAAACCTGCATGTTCTGCA

Finding genes in genome sequence can be hard



As your english teacher always told you,

~grammer and punctuation are the key!!iiiil
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In southern California

with grace and splendor bound
Where the lofty mountain peaks
lookout to land beyond

Proudly stands our Alma Mater
glorious to see

We raise our voices proudly
hailing hailing Thee

Echoes ringing while were singing
over land and sea

The halls of fame resound thy name
noble CIT



In southern California

with grace and splendor bound,
Where the lofty mountain peaks
lookout to land beyond,

Proudly stands our Alma Mater,
glorious to see;

We raise our voices proudly,
Hailing, hailing Thee!

Echoes ringing while we’ re singing
over land and sea;

The halls of fame resound thy name,

noble CIT!
Manton Barnes, BS 21 EE
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http://www.modencode.org/

¥: 18 kbp

5zozk 5203k 5204k 5205k 5206k 5207k 5208k 5200k 5210k 5211k
EE R B - E FlyBase Genes

Cok7? (odk-7) TrxT dhd (DmTrx-13 CEL5930

(P S— SO | — | OPRN=Y i o — ChRa30-RES FEF g |
snf ™ 64198 Saslo (s
shf-RACT g g — Cod196-RACT iy | Saz10-pad——

= EHE B HHtRNAS

S E R EHEH Non-coding RNAs
EEE B HE Embryo 0-2h RNA-Seq Multi mapper

T
' -
0

B EE B HE Embryo 2-4h RNA-Seq Multi mapper

EE A & HE Embryo 4-6h RNA-Seq Multi mapper

EE A B - E Embryo 6-8h RMNA-Seq Multi mapper

2 A
f

150
pre= el o
EE R B HE Embryo 8-10h RNA-Seq Multi mapper
200
100
o I 0

B E R B HE Embryo 10-12h RNA-Seq Multi mapper



Gene finding

actggtcaaacgtacggatacaggtaattgaccacattatatagaccacgattcgatcgcatac

Open reading frames

Codon bias

Potential splice sites “gt......... ag
Starts ATG

Stops TGA, TAG, TAA

Poly A addition to 3° UTR AAUAAA

Homology

What about noncoding RNASs?



5’ splice site Branch point 3’ splice site

5’ exon | Intron | | 3’ exon
Pre-mRNA A/IC A G G U AG AGU C U A/G A C/U N CA G G

eE—— e ————
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Many forms of evidence are integrated to make gene predictions
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Ribosome profiling: Which RNAs are translated, and which

Cell type
of interest
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Figure 1 | An overview of ribosome profiling. a|Ribosome-bound
mRNAs are isolated by size and treated with a nonspecific nuclease
(typically RNase | or micrococcal nuclease), resulting in protected mRNA
fragments termed ‘footprints’. These ribosome footprints are isolated
and converted to a library for deep sequencing. The ribosome footprints
typically show precise positioning between the start and the stop codon
of a gene, which facilitates global and experimental identification of
genomic coding regions. b | By comparison, mRNA sequencing
(mRNA-seq) captures random fragments covering the entire mRNA
transcript. The positional information determined by standard mRNA-seq

allows approximate determination of transcript boundaries, but itis less
precise than that collected by ribosome profiling, owing to the loss of 5’
and 3" ends during the fragment generation method that is typically
used. ¢ | Translated open reading frames (ORFs) contain a stereotyped
organization of ribosome footprints. Ribosome footprint density over
ORFs begins sharply at the start codon, ends sharply at the stop codon
and shows evidence of codon periodicity. True translated regions tend to
show ribosome footprint coverage over the majority of the ORF and not
typically in the regions before the putative start codon and after the
putative stop codon. UTR, untranslated region.
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Comparative Sequence Alignment:
two versions of Caltech Alma Mater song.

In southern California with grace and splendor bound,
In Smoggy California Where nerds and geeks abound,

Where the lofty mountain peaks lookout to land beyond,
Where the lofty mountain peaks Are seldom ever found,

Proudly stands our Alma Mater, glorious to see;
Proudly stands our torture chamber, Horrible to see.

We raise our voices proudly, Hailing, hailing Thee!
We raise our voices loudly, Screaming painfully.

Echoes ringing while we' re singing over land and sea;
Hammers ringing,Anvils singing,Chains for you and me.

The halls of f ame resound thy name, noble CIT!
The halls of flame resound thy name, Noble CIT.
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Proteins are modular: compare domains and architecture
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Basic Local Alignment Search Tool

BLAST finds regions of similarity between biological sequences. The A user driven enhancement to improve the BLAST solution..
program compares nucleotide or protein sequences to sequence
databases and calculates the statistical significance. = Learn more

New Columns added to the Description Table.

Tue, 17 Nov 2020 12:00:00 EST More BLAST hews...

Web BLAST
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BLAST: Basic Local Alignment Search Tool

Designed to be fast for searching large databases
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Find local match

Extend out

Calculate P value

Display best hits by
P-value
maximum score
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bits (573), Expect = le-57
122/264 (46%), Positives = 165/264 (62%), Gaps = 1/264 (0%)
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Nucleotide sequences that are similar are likely to
encode similar functions

Score = 600 bits {EE"HI; Expect (= le<=167 ? prObablllfy OF sequence allgnmenf
45/91(0

Identities = 676/910 (74%), Gaps (4%) to this extent by chance
Strand=Plus/Plus

Query 479 GATCAGGTGGATANC ARCACGARCGCGACCCAGCTATTCARAMATANTATAANCAAANCC 538

Sbjct 73 GACCAGGTEEACANCARTACGAATGCTACGCAGCTGTTCARGARCARCATCTACAACATC 132

Query 539 AGAATGAACGATTTAAACCGCGAGGAGACGCGATTARMGACCTTCACCGACTGGCCGCTA 598

Sbjoct 133 A===TGARNCGAGTACARTCGGCAGGAAGCGCGCCTGAMMCCTTCGCCAATTGGCCTCTG 189

Query 599 GATTGECTEGATAMCGCCAATTGGCCCARACCGECATGTACTTCACACACGCCGECGAC 658

Sbjct 190 GOGTGECTCGACANGCATCAGTTGGCCCGAACGGECATGTTCTATACGAACGATAACGAT 249

Query 659 AAAGTTAAMTGCTTTTTCTGCGGCGTGEGAAATCGGTTGCTGEGEGAGCAGGAGGATCAGCCC 718

Sbjct 250 AAGETCAACTGCTATTTCTGCGAGETEGERAGATCGEECGCTGECGGATCTCGATGATCARCCT 309

Query 719 GTGCCGGAACATCAGCCGATGGTCGCCCAACTGTCCACTGTTGCGCCGGCGCACTACCANC 778

Sbjct 310 GTACCTGAGCACCTGCGCTGETCGCCCAACTGTCCGCTCCTGCGCCGTCGCACCACCAAC 369

Query 779 AATGTGCCGATCARTGCCGAAGCATTAGATCGCATCCTGCCGCCAATAAGCTACGATATC 838

Sbjct 370 AATGTGCCGCTGARCAGCGAGGCCCTCGACCGCATCCTGCCCCCCATCAGCTACGACATT 429

Query 839 TGCGGCGCCAACGACTCGACGCTAGAGATGAGGGAGCACGCCTACGCAGANGGCGTCATA 898

Sbjct 430 TECEECECCAN GACTCGACGETCGAGCTEGCGCGAGAGCGCCTATGCCGAGGGCCGCATA 489



Multiple Sequence Alignments

YGL201C
ZK632.1
YLR274W
R10E4 4
F32D1.10
YBR202W

ICCIDEFDKMDISDOVAIHEAMEQOTISIAKAGIHATLNARTSILAAANPVGGRYNRKLS 694
YCCIDEFDKMDLKDOVAIHEAMEQOTISITKAGYKATLNARASILAAANPVNGRYDRSRP 516
YVYCIDEFDKMRDEDRVAIHEAMEQOTISIAKAGITTYLNSRTSYLAAANPIYGRYDDLKS 535
YVYCIDEFDKMREDDRVAIHEANMEQOTISIAKAGITTTLNSRCSYLAAANSVYGRWDESRG 499
ICCIDEFDKMMDHDRTAIHEVMEQOTISIAKAGINMTTLNARTAITIAAANPAYGRYNPNRS 509
ICCIDEFDKMDESDRTAIHEVMEQOTISISKAVINTNPGARTSILAAANPLYGRINPRLS 579

Y39G10A_246.g VCCIDEFDKMNESARSVLHEYVMEQQTLSIAKAGIICOLNARASVLAAANPYDSKWNRNKT 588

YPRO19W
YBL023C
Y17G7B.5
YELO32W
C25D7.6
Symbols

YGL201C
ZK632 .1
YLR274W
R10E4.4
F32D1.10
YBR202W

Y39G10A_246.g

YPRO19W
YBLO023C
Y17G7B.5
YELO32W
C25D17.6
Symbols

YCCIDEFDKMSDSTRSVLHEVMEQQTISIAKAGIITTLNARSSILASANPIGSRYNPNLP 687
YCLIDEFDKMNDQDRTSIHEAMEQOSISISKAGIVTTLOQARCSITIAAANPNGGRYNSTLP 662
YCLIDEFDKMSDODRTSIHEAMEQOSISISKAGIVTSLHARCTYIAASNPIGGRYNPTRT 617
YVYCIDEFDKMTDVYDRVAIHEVMEQOTYVTIAKAGIHTTLNARCSYIAAANPVFGOYDVNRD 528
VVCIDEFDKHSDIDRTAIHEVHEQGRVTISKAGIHAKLNARCSVLAAANPVYGRYNPFKS45?

K K K K K K K Sk kKKK Bk 1 I SRR T
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IEQNYDLPAALLSRFDLILLMODKADRENDKILAEHITYVHOHGCHPNREK--------- S60
PLDNINLPAALLSRFDILFLMLDIPSRDDDEKLAEHYTYVHMHNKOPDLDFTP--=----- 632
IVENITLPHTLLSRFDLIFLIVDAODENODRRLGNHLYSLYFENDGNQEKTEH------- 641
YVTENIDLPPPLLSRFDLYYLVLDEKVYDEKNDRELAKHLTNLYLEDKPEHISODD------- 740
LAONYSLTEPILSRFDILCYVYRDLYDEEADERLATFYYDSHYRSHPENDED ----=-=--~-- 713

FAENYDLTEPILSRFDVYLCYIRDSVDSYEDERLAKFYYGNHRTHHPDAKKIVKEGDEL-- 675
PHONIALPDSLLSRFDLLFYVTDDINEIRDRSISEHVLRTHRYLPPGYLEGEPYRERLNL 588

PHENIGHQDSLLSRFDLIFVLLDEHDADKDANVAEHVLKLHTYRTQGEADGTVLPHGGG 526
* M . IS . *



9/18

MetSerSerGlyArgPro <€—

—» ATGTCTAGTGGTCGTCCT

ATGe 0 000eGGeCGeCCoe

—» ATGAGCTCCGGGCGACCG

MetSerSerGlyArgPro <«

6/6 1/5

—» MetLysTrpHisLys
ATGAAATGGCACAAG <«—
ATGAA«TGeCAe e AG

11/15

ATGAATTGCCAGCAG «—

—» MetAsnCysGlnGlu



Which is protein-coding!?

GlyArgProLysTyr
GGTCGTCCTAAGTAC
GGeCGeCCeAAeTA
GGGCGACCGAAATAT
GlyArgProLysTyr

5/5 substitutions in
wobble position

species 1

species 2

LysTrpHisLysPro
AAATGGCACAAGCCC
¢ AAT eGCA*A«GCC
GAATCGCAAATGCGC
AsnCysGlnGluArg

1/5 substitutions in
wobble position



Sequence constraints are different for non-coding RNA
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Pseudogenes

blocked translation

frameshift
translation premature stop

mRNA i

RNA splicing

transcription Pre-m RNA

blocked splicing

DNA blocked expression i
transcriptional R
regulatory
element

Can still have function. For example, a (now) non-coding transcript
can still act as a sink for RNA-binding proteins (or other RNAs) that
bind and regulate function of the wildtype transcript



Functional Complementation

genotype DNA Phenotype
¥ - wild type
A(lf) - mutant
A(lf) A wild type
- A wild type
A(lf) species2-A wild type
+ species2-A wild type




Genome sizes and gene numbers

Mb  organism year sequenced
0.6 endosymbionts (Buchnera) 2000

4.6 E. coli (bacteria)

15 budding yeast 1996

102.2 Caenorhabditis elegans 1998

104  Caenorhabditis briggsae 2003

120  Arabidopsis thaliana 2000

120+ Drosophila melanogaster 2000

278  Anopheles gambiae 2002

~400 pufter fish (Fugu) 2001

3300 human 2000-2004
2700 mouse 2000+

puffer fish (Tetraodon) 2004
chimpanzee 2005

~genes
800
4,300
6,300
20,000
20,000
25,000
14,000
14,000
39,000
23,000
23,000
~23,000



Ambitious Project to Sequence Genomes of 1.5 Million
Species Kicks Off

The Earth BioGenome Project promises to revolutionize biology

(Mirhee Lee)

By JTason Daley
snuthsonianmag com
MNovember 5, 2018

Last week, a global consortium of scientists officially launched the Earth BioGenome Project. As Kate Kelland at Reunters
reports, the backers are calling the extensive initiative the next “moonshot for biology.” Projected to cost $4.7 billion, it aims to
sequence the DNA of the 1.5 million known species of enkarvotic, or complex species of life on Earth. Having a DNA map of so
many species, researchers say, will reframe what we kmow about biclogy, ecology and biodiversity.



https://doi.org/10.1038/s41586-020-2876-6

Eulipotyphla
{shrews, moles
and hedgehogs)

Cetartiodactyla
fwhales and even-
to=d ungulates)

Chiroptera

ebore,

and pikas)

Fig. 1] The Zoonomia Project brings the fraction ofeutherian famillesthat
are represented by at least one assembly to 83%. Phylogenetictree of the
mammalian families in the Zoonomia Project alignment, including both our
new assemblies and all other high-guality mammalian genomes publicly
availablein GenBank whenwe started the alignment (March 2018)
(Supplementary Table 2). Tree topology iz based on data from TimeTree
(www.timetree.org)*. Existing taxonomic classifications recognize atotal of
127 extant families of eutherian mammal®®, including 43 families that were not
previously represented in GenBank {red boxes) and 41 families with additional
representative genome assemblies (pink boxes). Of the remaining families,
21had GenBank genome assemblies but no Zoonomia Project assembly

BN Zoonomia

[ GenBank

] Zoonomia and GenBank (] No sequenced species

(grey boxes) and 22 had no representative genome assembly (white boxes).
Parentheticalnumbers indicate the number of species with genome assemblies
inagiven family. Image credits: fossa, Bertal/Wikimedia (CC BY-SA); Arctic fox,
Michael Haferkampy/Wikimedia (CC BY-5A); hirola, JRProbert/Wikimedia
(CCBY-5A); bumblebee bat, Sébastien ). Puechmaille (CC BY-SA); snowshoe

hare, Denali National Park and Prezerve/Wikimedia (public domain); aye-aye,
Tom Junek/Wikimedia (CC BY-SA); Geoffrov's spider monkey, Patrick Gijsbers/
Wikimedia (CC BY-5A); southern three-banded armadillo, Hedwig Storchy
Wikimedia (CC BY-5A); giant anteater, Graham Hughes,/Wikimedia (CCBY-5A);
brown-throated sloth, Dick Culbert from Gibsons, B.C., Canada/Wikimedia
(CCBY).



https://doi.org/10.1038/s41586-020-2873-9

Fig. 1| Mewly sequenced genomes densely cover the bird eree oflife. The persequenced family {purple branches). The grey arc marks the diverse

10,135 bird species™ " are shown on a draft phylogeny that synthesizes Passeriformes radlation, with &, 063 species, of which 173 species have genome
taxonomic and phykogenetic Information™ {Supplementary Datal. In tofal, assemblies now. Chicken (%) and zebra finch (**) are marked for orlentatbon.
363 species, covering 92.4% of all famibes, now have at least 1 genome assembly  Paintings IHustrate examples of sequenced specles.



How do organisms increase in complexity (create novelty)

if the gene number 1s relatively constant?

Genome sizes and gene numbers

Mb  organism year sequenced
0.6 endosymbionts (Buchnera) 2000

4.6  E. coli (bacteria)

15 budding yeast 1996

102.2 Caenorhabditis elegans 1998

104  Caenorhabditis briggsae 2003

120  Arabidopsis thaliana 2000

120+ Drosophila melanogaster 2000

278  Anopheles gambiae 2002

~400 pufter fish (Fugu) 2001

3300 human 2000-2004
2700 mouse 2000+

puffer fish (Tetraodon) 2004
chimpanzee 2005

~genes
800
4,300
6,300
20,000
20,000
25,000
14,000
14,000
39,000
23,000
23,000
~23,000



A. More Regulatory Sites Complex genes

| i P

B. More Transcripts exon1 intron exon2 intron exo

C. Alternative Splicing

MULTIPLE PROTEINS MADE IN DIFFERENT AMOUNTS
AND PLACES




38,016 possible splice variants !!!

Exon 4 Exon 6 Exon 9 Exon 17 Exon 19
12 alternatives 48 alternatives 33 alternatives 2 alternatives ©  Exon 23
DNA l ' |
mR¥A VAN N e AN e P AMAMARAMAMA
splicing l
Protein
g2 g3 g7
™

Generation of diverse isoforms via alternative splicing (adopted from Hattori D ef al., 2008)"*". There are 4 alternative-spliced exon clusters in the
Drosophila Dscam gene: the exon 4 contains 12 alternatives, the exon 6 contains 48 alternatives, the exon 9 contains 33 alternatives and the exon
17 contains 2 alternatives. Each transcript contains one alternative exon from each exon cluster. The full-length of endodomain is largly restricted
in embryogenesis stage, while most Dscams have no exon 19 and exon 23 in postembryonic stages. The extracellular domain of Dscam contains 10
immunoglobulin (Ig) domains (ellipse), 6 fibronectin type III repeats (hexagons) and a short transmembrane domain (TM). Alternative splicing

generates diversity in the Ig2, Ig3, Ig7 and TM domains.



Cell-type specific rearrangements of DNA to create
novel protein coding regions

Germline
Igh locus

Immunoglobulin



The mouse and human genome have large syntenic blocks of genes in common

Mouse
chromosome 11 7 100 105 11I0

chromosome 17 (& 15 20

>gi|19773481|dhs | AB072322.1|AB07232281
Pan troglodytes COX8 gene for cgytochrome oxidase subunit VIII,

exon 1

ATGTCCGTCCTGACGCCGCTGCTGCTGCGEGGCTTGACAGGCTCGGCCCGECGEGCTCCCAGTGCCGEGCE
CCAAGATCCATTCGTTGCCGCCGGAGGAGARGCTTGGGATCATG

>gill1436791 1zef XM 000132.11
Home sapiens gyhochrome o gxidase subunit VIII (COXB), mRNA
Length = 473

Score = 218 bits (110), Expect = Be-55
Identities = 113/114 (99%)
Strand = Plus / Plus




The Age of Databases:

Information about an organism can be organized
around the Genome sequence

*The sequence and its variation,

*The genes, mRNAs and proteins

*The regulatory elements,

*Where and when each gene is expressed,

How genes and proteins interact with each other to specity
the properties of each organism.

There are Model Organism Genome Databases such as
WormBase (www.wormbase.org)
FlyBase (www.flybase.org)
Yeast (yeastgenome.org)
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= » ' : FB2022_05, released Septamber 29, 2022
m F IyB ase A Database of Drosophila Genes & Genomes
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Interested in single-cell RNAseq?
Then today is a good day to join the . ‘.
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FEZ017 01, released Febmnians 14, 2017
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General Information
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Name Epitermal growth f3ac1or receplor Annotation symbaol CG1007Te
Featurs type pratein_coding gens FlyBase ID FBqrO03731
Gene Model Status Current Stock avallability a4 publicly available
Also Known As DER, top, fib, Elp, dEGFR, Egf-r, c-erhB
Gene Snapshot Epidermal growth factor receptor {Egfr) is the transmembrane tyrosing kinase recepior for signaling fgands in the
TGFo family (grk, spl, v, and Krn), which utlises the intracellular MAP Kinase pathiway. EgIr roles inciude growih
regulation, cell survival and developmental patteming. [Date last reviewsd: 201 6-10-06]
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Other Genome Views

The following external sites may use different azsemblies or annetations than FlyBase.
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Genome-scale screening
Many different ways



Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

»
Normal prostate [:‘ \ Prostate tumor
tissue 5 _/ tissue
@S
B
Step 1
Isoclate mRNA l 1
- AAA(A) 3 5 AAA(A) 3
Step 2 Qligo-dT primer, Oligo-dT primer
. dNTPs, reverse dNTPs, reverse
Synthesize first ; .
strand cDNA transcriptase | transcriptase
A 5’ e AAA(A) 3
S‘W TTTI( }"5’ R TTT(
Step 3
Add NaOH to
degrade mRNA and
label cDNA Y
5TTTT J-I-I-I-I-H-I-I-I-I-I-I-I-I-I-I-I-I-I-I-ld ¥ STTTT s W 3
Cy3-labeled cDNA ~CY3 label Cy5-labeled cDNA Y% label
Step 4
Mix labeled cDNA probes
and hybridized to
the microarray
Only normal Equal amounts
prostate cDNA of both probes
hybridized hybridized

b '—6 Only prostate tumor
cDNA hybridized

‘ ) ‘ q J‘ / ‘ —— No cDNA

— e i hybridized

Decreasing amounts of only normal prostate
cDNA hybridized.

OQ




Two different sample RNAs. One is labeled with a red dye.
The other with a green dye. Spot color provides an indication
Of how the expression of many genes changes with conditions

e UMEDB O~ 7 e

Transcriptional profiling




Time —
Genes that show similar expression patterns are likely to be
Regulated through similar mechanisms (binding sites,
Transcription factors, etc).

Conditions
a b c d = f
1 - - 0 0 0 0 ‘
4 . . 0 0 0 0 %
8 7 . . 0 0 0 0 ‘ 5
S 5 + - + 0 0 + — O
O 2 + - + 0 + + |
3 + - + 0 + + |
6 + - + - + +

Gene expression pattern clustering algorithm

Compare normal and disease states



Identifying protein-protein interactions using
the yeast two-hybrid system

(a) The complete Gal4d dimer

Activation
domain T

Gal4

DNA-binding -
domain lacZ
e ON
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(b) Gal4 lacking the activation domain
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Bi-partite transcriptional activators
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2-Hybrid Assay in yeast

DBD-Bait Prey-ACT

note false positives
M +

DBD Reporter gene




This is the activation domain array consisting of
6144 yeast colonies each expressing a different
fusion of the GAL activation domain and one of the
yeast ORFs.

Interaction maps

This is a set of selective plates (-Leu -Trp-His -Ade)
on which only colonies grow that contain RPC19-
interacting proteins:




RNA interferenée


http://www.ambion.com/techlib/hottopics/rnai/

Phenomena first observed in
petunia

Attempted to overexpress chalone synthase
(anthrocyanin pigment gene) in petunia.
(trying to darken flower color)

Caused the loss of pigment.




Called co-suppression
because suppressed
expression of both
endogenous gene and
transgene.



Injection of dsRNA corresponding to a gene of
interest results in the degradation of that
transcript

No probe  mex-3 probe: wild type

!'(

Embryogenesis in
the worm C. elegans

mex-3 gene
—
/ N
Injected Antisense probe o o
dsRNA for her embryos PRI 25
into mex-3 probe dsRNA

hermaphrodite treatment



General mechanism of RNAI

Synthetic |
siRNAs Dicer Cleavage
0OOVVYVVYYYYYVVYHDYYOD
CEELLILLELEE L LR
siRNA . Natural
*Strand separation process of
_ RNAI

+ Complementary pairing

AV

mRNA
downmodulation

T

¢Cleavage

N
mRNA > ¥ i
degradation < \ \ aic.) /(A),

Figure 1 Cellular mechanism of RNA interference. Long double-stranded RNA (dsRNA) is cleaved, by the enzyme Dicer, into small interfering RNA (siRNA).
These siRNAs are incorporated into the RNA-induced silencing complex (RISC), where the strands are separated. The RISC containing the guide or antisense
strand seeks out and binds to complementary mRNA sequences. These mRNA sequences are then cleaved by Argonaute, the enzyme within the RISC
responsible for mMRNA degradation, which leads to mRNA down-modulation. A, adenosine.




WHY RNAI?

RNAI components also involved In:

Transposon silencing
Viral defense

Gene regulation



How would a transposon trigger RNAi?

- Different copies of the same transposon can exist in forward and reverse
orientations in the genome

- Expression of the transposon DNA (e.g. transposase gene) can come under the
control of other regulatory sequences in the genome regardless of the orientation
of the transposon

« Although rare, this scenario can lead to transcription of both sense and antisense
RNA transcripts for the transposase gene

« This could lead to dsBNA formation, which in turn could trigger the RNAI
cascade leading to the degradation of the normal sense transposase mRNA

- Ultimately, this would cause less transposase protein to be generated and as a
result significantly limit the amount of future transposition

- Could this be a mechanism that have evolved to protect the genome against
excessive transposition of these mobile elements?
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RNA viruses make dsRNA as replication intermediates.
These are targets for an RNAi-based immune system
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Fig. 1. Viral factors affecting cellular RNAi pathways. miRNA regulated gene expression starts with primiRNAs in the nucleus, which are processed
into mature miRNAs by Drosha and Dicer (left panel). The antiviral RNAI1 response is triggered by virus-derived dsRNAs during infection (right
panel). Viral RNAI suppressor factors (proteins or decoy RNAs; middle panel) counter these effects. Viruses can also encode miRNA-like molecules
targeting cellular mRNAs. Both RNAI suppressors and viral miRNAs can potentially affect cellular miRNA processing and function (arrows with
question mark).



Remember the bipartite GAL4-UAS system

(@) The GAL4-UAS system

/_GA\uP "
——Enha ncer—m I — —
UAS

* GAL4 is a transcriptional activator from yeast that recognizes a
DNA sequence called the UAS (upstream activating sequence)

* We can use this to control expression of YFG in a tissue specific
manner by using enhancer elements specific for the tissue we are
interested in



Can express an inverted repeat representing sequences
of any gene of interest.

(@) The GAL4-UAS system
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(in GAL4 expressing cells)




[ ASKER

AWARDS
2008

Victor Ambros David Baulcombe Gary Ruvkun

For discoveries that revealed an unanticipated world
of tiny RNAs that regulate gene function in plants
and animals.

Watch a video about the 2008 Basic Award winners

Nobel, 2024 to Ambros and Ruvkun



Gene expression regulated by a tiny RNAI

transcription )
—

GENE tiny RNA

The C. elegans Heterochronic Géne lin-4
The RNA  Ejcodes Small RNAs
with Antisense Complementarity to lin-14

Rosalind C. Lee,*t Rhonda L. Feinbaum, *#
a nd and Victor Ambros?
Harvard University
Dapartment of Callular and Developmental Blolagy
Cambridoe. Massachusetts 02138

; Postiranscriptional Regulation
its Target of the Heterochronic Gene Jin-14 by lin-4
Mediates Temporal Pattern Formation in C. elegans

Bruce Wightman,*1 Ithe Ha,* and Gary Ruvkun- ~

Department of Molecular Biology
Massachusetls General Hospital
Boslon, Massachusetls 02114

Cell, 1993



The same processed miRNA sequence (e.g. lin-4) can hybridize (not perfectly, but sufficiently)

RNA or protein
level
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to multiple complimentary sites in the 3'UTR of target mRNAs (e.q. lin-14)



Processing pri-miRNA transcripts or exogenous dsRNA
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MicroRNAs (miRNAs)--Not just in worms!

* wm A

A. thaliana/ N N ) H. sapiens/

Fo C. elegans D. melanogaster v

>80 mIRNAs >100 miRNASs >100 miBRNAs >200 miRNAs

See the RNA Family database - http://www.sanger.ac.uk/Software/Rfam/



Expanding horizons: Small RNA movement between plants
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2 Tr . L
AT
CIANN ]
:".':'I \ —|_> |
™ | :
_p’..:"l ! ﬂ]]U]]]]Im]!!ﬂT {
| <) N it )| Xylem Target regulation
< TR movement
miRNA Total RNA Seedling in
overexpresser growth medium
Synthesis
r
|
3l : ‘\\mﬂm S \ Xylem Target regulation
‘.\H__’,/ movement
Synthetic miRNA Seedling in
growth medium

b Communication

AN /

A% J

Rl 111111

) =y ;

< e Target regulation

arge

miRNA ) movement get reg
overexpresser Wild type

Seedling in growth medium



Pooled screens Arrayed screens

e
tl‘-:-'!l ’ﬁ
> @ Transduction of
¥ % cells with pooled-

Clmm virally-encoded
shRNA library Transfection of
cells with RNAI
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= R .
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Assay for Assay for
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Sequence colonies or
analyze barcodes on
microarrays

Assay for phenotype

Flgure 1 Schematic illustration of amayed or poaled RNAI saeens in ek, Left panel. Pooled-viral vectors enmding libraries of shRNAS targeting multi ple genes @n be used to transduce a target cell
population in 2 single tisue cutture dich. After selaction for the decired phenotype, el are analysed fr the identification of genes whose inhibition by RNA knockdown case the pediicphenatype
asdescribedinTable 1.The relative abundance of eachshRNA or a random 60-mer barcode exprecsed from the same vectoras the specific sShRNA can be identified and quantified by labelling the PCR
product with flusmescent dyes {e.g,, (350 631 The PCR products are then hybridiced to arstom desgned dNA mimoar=ys containing barcode of sShRNA mmplementary digonud eatides. The relative
abundance of tarmdes obtained fom the celks that were exposed i selective pregsure are mmpared to that detectedincontral cells that have been seposed to the same shENA library, but not to the
selective prossure (for example, deg treatment or genetic mutaticns). Right pamel. Amayed RMAI somen libraries congist ofindividual GRNA or shENA reagents that tamget different genes and that are
placed in each well of 2 multi-wel] plate. RNA reagent libraries can mamprise ynthetic SRNAs, plasmid-or vily-enmdedshRNAs. Vanioe xsay readots ae wed to determine the effect of RNAT on
the phenotype 2 decaibed inTable 1. Adapted™,
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Step 1. Oligonucleotide library synthesis Step 2. Plasmid cloning

Step 3. Virus
2 3 production

J  Step 4. Pooled
transduction

Genomic DNA '(—4“11&: DNA
M
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Viral : ;
: b selection
encoding vector =

sequence

Negativel :
selection |

Step 6. Readout: PCR-amplification, followed by NGS and

mapping to sgRNAlibrary compilation. ep 5. Clone Selection™—*

Figure 2 Flow chart of CRISPR (clustered regularly interspaced short palindromic repeats) screen in pooled format. sgRNA library is massively
synthesised (step 1), doned into plasmids (step 2) and packaged into viral vectors (step 3). Cas9-expressing cells are infected with these vectors at
low multiplicity of infection in order that most cells receive only one virus integration (step 4). After positive or negative selection (step 5),
sgRNA-encoding regions are PCR-amplification and sequenced, followed by NG5 and mapping to the sgRNA library design to read out sgRNA
representation in the selected cell population (step 6). sgRNA: single-quide RNA; NGS, next generation sequencing.
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Applications of the CRISPR/Cas system beyond genome editing. In addition to targeted genome editing, the
CRISPR/Cas9 technology is suitable for other interesting applications. (a) Gene regulation. A catalytically inactive dead
Cas9 (dCas9, in light blue) can be fused to either a transcriptional repressor (left) or activator (right). When the dCas9-
repressor fusion is recruited by a gRNA that matches the promoter, 5 ' untranslated region or coding sequence of an
endogenous gene, it can block transcription initiation, elongation or the binding of transcription factors. When the
dCas9-activator fusion is targeted to a promoter, the specific expression of the endogenous gene is induced. (b) Cargo
delivery. The catalytically inactive dCas9 can also be exploited as a programmable DNA-binding protein to deliver
diverse cargos to specific genomic locations. For example, fusion with a green fluorescent protein (left) provides a tool
for visualizing chromosome structure or dynamics, and fusion with a demethylase (right) can be used for targeted
epigenome editing. (c) RNA cleavage. The Type IlI-B CRISPR-Cas system (e.g., from Pyrococcus furiosus ) is composed
of nucleases that form the so-called Cmr complex (yellow) and represents a unique RNA silencing system. The Cmr-
crRNA complex targets invading RNA in a PAM-independent process and is able to degrade complementary RNA
sequences cleaving them at multiple sites.



