ACCCTTACCAACAATGGAATCTCAAAGATTATTAAATTATTCACAGACTCTGAGGATTCGGGTAAAATAGGGTATTTAACTGGTTACCGGAAAGGTTTAGAAAATTCGTGGA
GGGTTGGCCGAGTGGTCTAAGGCGGCA ITTTTTTTGATGATTTAACGTACTATTA
ACTAGAATAATAGGGAAATGCAATTGC TCATGGCGTCCTTTGCATTCAGCAATA
ATGGTTTTAGCAAAAAAATCTCTTTCA ATACTTCCTATGTACAAGAATCTTTA
AGTGATATAATCTTTCAGCGGACTAG TTGCTCGCAGTTTTGCCTTAAAATGC
CCTCTGTTGTAGAAGTTAAAATTTG CTGTTTCTCCGCTCTTTCTCTTGCA
GCGTAAGGATCAATTCTTGCGTCTA " CTGCTGCCTCTTTTTCGCAAAATG
AAATTATATTATTCCGTATTTGCC CTATAGTTGTTTAATTTTTGTCT
TATTATATCATCACTTCCATGCC] - \ ATAGTAAGTGACGGTTCATCATTC
GGAAAAGTAAGATTTGTTTCAAG % AATGAGAAGTTTTTTTTCTAACT
ATATCCAAGTTTTTCAAACTAC “ SGTAACAAGCAAAAGTAAACTA
CAATATGGAATAGTGTAAAAC \\\EGAGCAAGGGCAACCTGATCG

AATTTTATAAAAACTATTTATY : f / CCATTGTGGTTGCATAGTCA
TTAAAGTGGTTTCTACCGTG : J ACAGGTCTGGCATACCTGTG
ATCTTCCGTACCGGGAGGT 4 : - GGGCCTTTCTATACCGCCC
AGTAGCTCATCAAGTTGATY SGATTGTACAAGGTATCAA

TAGGAGTATGTTGTGATA 3 " AATGACAATGTCACCATT
TTCTAATATAGATGAATT ' TAATATCTCCATTAATT
AGCAAAACGATCATAATA \AAGCGCATGAGTGTCCT
TAGATTTACCTGGTGATALW —_ TGATATAGTAGCAGAACA
ACTGTAGCCAGTATCTTTG e ' v CCATTAGTTGCAGGCAGTA
TTTTGAAAGTCATCAATTCO 1) .GGTTGAAACGTAAGAGCTA
CCAGCTTTAGAAATGACCCT ! g 2 X GGCAACGAACCCGATATTAC
TATTCATGATTGCGGACACCG Ko > A fe. ACATCAACTAAAATAGTTTTT
GAATCATCCAATGAAAATCTGA B 3 : ' .GAATAACATCCCAACCTCAGA
TGATACCGCCAATTCCAATGTT WTTCAAATACAGCGTTGTCAGTT
ACTTCACTGTGTGAAGCATCCCA ! ' ([CTGGTGGCAGGAATACCACCTT
TTAAAAACGATTCACTTTGAGCGA 8 ‘ CGAACCCATGCTAAGCTCCGAGG
GAAAATGGAGGCCTTGGAACTAAA \ K¥ 7, : =% ‘ '\ | GTGTCATGGCATCCACCAAAATAT
GGAGAAGCCTTCGGCAAGGGTAGAA - . ' ! R i ACTTGCTCATTGCGTCAAATGATGT

CACAGAATACATTGGTGTGCCGCCTA \*'t .CAACGATGTATACTCAGGATTACGC
TGGCAAAGCCAGCTTACTTTAAAGAT : o | A h - \\ TTCAAATATACTTCTAGCGTGAATCA
GTTTACC iTTTCTT
TTCTATG TCATAT
GATATAA \ATTTGG
ACATTTG ° ° iACAGAA
AACAGTA "TGAGGT
CGATTTT "AACAGT
GATTCGT ACATTC
TTCAAAT \TATAAT
ACTGAGC iGAATCT
CAAAGAT "CTAAGG
CGGCAGA . \AATGCA
ATTGCAGTTTGAGAAGAAGAATTATTAATAAGCCAAAAAGCG CGTCCTTTGCATTCAGCAATAATGGTTTTAGCAAAAAAATCTC

TTTCACTACACAAGTTGGAGCATATTTTTTAACAAATACAGA ° TCCTATGTACAAGAATCTTTAAGTGATATAATCTTTCAGCGGA
CTAGAAGAATAGGGCGTTCAACTGTTGTCCTTGCAGACGTAA RObIn Dowell CGCAGTTTTGCCTTAAAATGCCCTCTGTTGTAGAAGTTAAAAT
TTGTTCTATTTTTCTATTATTTGCCACCCACTCTGTCACCTT TTCTCCGCTCTTTCTCTTGCAGCGTAAGGATCAATTCTTGCGT
CTATAAGTGGTTCCGCAGTAGTCTTTTTATTATTACCGCACT CTGCCTCTTTTTCGCAAAATGAAATTATATTATTCCGTATTTG

CCAGTTCGGATATAGTTCTTGCTTCAAAAATTCCTTACACTTATTTTTTCCATTAATAGAGCCTTTCCTATAGTTGTTTAATTTTTGTCTTATTATATCATCACTTCCATGC
CTTAGAAACCTCAAAAATGAATCTATCAAGCTTGGATCAACACATCTTTCTCGCGTAACTGTGATTGTAGTAAGTGACGGTTCATCATTCGGAAAAGTAAGATTTGTTTCAA



ACCCTTACCAACAATGGAATCTCAAAGATTATTAAATTATTCACAGACTCTGAGGATTCGGGTAAAATAGGGTATTTAACTGGTTACCGGAAAGGTTTAGAAAATTCGTGGA
GGGTTGGCCGAGTGGTCTAAGGCGGCAGACTTAAGATCTGTTGGACGGTTGTCCGCGCGAGTTCGAACCTCGCATCCTTCAGTATTTTTTTTGATGATTTAACGTACTATTA
ACTAGAATAATAGGGAAATGCAATTGCAGTTTGAGAAGAAGAATTATTAATAAGCCAAAAAGCGGCTCACTAAGTAAGTTTTTCTTCATGGCGTCCTTTGCATTCAGCAATA
ATGGTTTTAGCAAAAAAATCTCTTTCACTACACAAGTTGGAGCATATTTTTTAACAAATACAGATAAACGAAAGGCGATAATAAGTATACTTCCTATGTACAAGAATCTTTA
AGTGATATAATCTTTCAGCGGACTAGAAGAATAGGGCGTTCAACTGTTGTCCTTGCAGACGTAAACTCCTTCAAGTAGTCATTATTTTGCTCGCAGTTTTGCCTTAAAATGC
CCTCTGTTGTAGAAGTTAAAATTTGTTCTATTTTTCTATTATTTGCCACCCACTCTGTCACCTTCGTCCATCCTTATATTGAGCTTCCTGTTTCTCCGCTCTTTCTCTTGCA
GCGTAAGGATCAATTCTTGCGTCTATAAGTGGTTCCGCAGTAGTCTTTTTATTATTACCGCACTGCTGATCGGTCTCGTTCTTCATCTCTGCTGCCTCTTTTTCGCAAAATG
AAATTATATTATTCCGTATTTGCCAGTTCGGATATAGTTCTTGCTTCAAAAATTCCTTACACTTATTTTTTCCATTAATAGAGCCTTTCCTATAGTTGTTTAATTTTTGTCT
TATTATATCATCACTTCCATGCCTTAGAAACCTCAAAAAT Gl C TCGCGTAACTGTGATTGTAGTAAGTGACGGTTCATCATTC
GGAAAAGTAAGATTTGTTTCAAGTAAGCTTTGGGGTGCCGT TTTTTGTCTACGTGTATAAATGAGAAGTTTTTTTTCTAACT
ATATCCAAGTTTTTCAAACTACCCAAAGGATATTTAACTTG GAATATATAGGCGATTCTGGGTAACAAGCAAAAGTAAACTA
CAATATGGAATAGTGTAAAACTTCACTTATCAACAACAAAA T H E AGCCTGATAAAATTCTTATGCGAGCAAGGGCAACCTGATCG

AATTTTATAAAAACTATTTATGGACTAAAAACCTACAGCGC TTGCGTCATTCATGGTTTGTCCCATTGTGGTTGCATAGTCA
TTAAAGTGGTTTCTACCGTGTCTAAACGAGTTTCAATTGCC TTACTTCTTCCAGAGCTTCTTACAGGTCTGGCATACCTGTG
ATCTTCCGTACCGGGAGGTAACTTTCTGGCTGCATTACTAC CGCTTTCCTCATACTTCGATTCGGGCCTTTCTATACCGCCC
AGTAGCTCATCAAGTTGATATGGTGTGCAATAAATAGTTCC CCTATAACCAATCTTTAAATCAGGATTGTACAAGGTATCAA
TAGGAGTATGTTGTGATATGTCAGCAGTATGATTCGTTCCG GAGGCTTGGAATTTCCCTGTGCGAATGACAATGTCACCATT
TTCTAATATAGATGAATTTTCAACGTATTGAGCGCTTAGAG TAAGCTCAGGTACTGTCAAAACTTTAATATCTCCATTAATT
AGCAAAACGATCATAATAGTTGAAAGCTTTCTTTCTCCTTT ACTAGTGGCAATTGGATACTTGAAAAGCGCATGAGTGTCCT
TAGATTTACCTGGTGATACTAAACGAATGTCATTTGCGCCA CCCTTGCTTAAACCCTGCATCTTTGATATAGTAGCAGAACA
ACTGTAGCCAGTATCTTTGGCAAAAGAATTTATTCCTAGAA GTAGAATTTAACCTCAAATCTTCCATTAGTTGCAGGCAGTA
TTTTGAAAGTCATCAATTCCCCGATATCCGTTCCACATAGC ATTCCATGACGCAAAAGTGAACGGTTGAAACGTAAGAGCTA
CCAGCTTTAGAAATGACCCTAATATTTTCATTGAAGATTAT GGTTCCTTCAATGAAACCAACGGCAACGAACCCGATATTAC
TATTCATGATTGCGGACACCGCACCTTTTTTAGCATGTATT TTCGTAGGCCCTCTATCGAAACATCAACTAAAATAGTTTTT
GAATCATCCAATGAAAATCTGCTAAACTTCAATTGCAGTGC GTTTGTTTCGAATTTGAAAAGAATAACATCCCAACCTCAGA
TGATACCGCCAATTCCAATGTTTCCGATGCAAAGGAGATAT GTACTTTAGCAGTATTCACTTCAAATACAGCGTTGTCAGTT
ACTTCACTGTGTGAAGCATCCCATATTCTGACTGAACCATT CTCATGCCTTCTAATATTTCTGGTGGCAGGAATACCACCTT
TTAAAAACGATTCACTTTGAGCGATTGTCATCATCCCCAGC CAAGTAGTAACCGTTGGTCGAACCCATGCTAAGCTCCGAGG
GAAAATGGAGGCCTTGGAACTAAAAGAGCCTGCTGGGTATA GTAATAAAATGAGGTTTGTGTCATGGCATCCACCAAAATAT
GGAGAAGCCTTCGGCAAGGGTAGAAAATTTATTAGTGGAGC ACCGGTTTAGCATAGTACTTGCTCATTGCGTCAAATGATGT
CACAGAATACATTGGTGTGCCGCCTAAGTCAATCATGGTTA CTTTTGTTGCAATCAACAACGATGTATACTCAGGATTACGC
TGGCAAAGCCAGCTTACTTTAAAGATAGCGGGTGTTTCTGT AAAATTCACATGTGTTTCAAATATACTTCTAGCGTGAATCA
GTTTACCGCTATTGACATCCCAAAATACCAAGGAATTATCT GGGTGATAAAGTGACTGAATGACCTTTGGAGTGCGTTTCTT
TTCTATGTTTGTGGATAGATCACCGCCCGGAGCATACGGTT TGTAGTCAATGAAAGAATATATGACTGTAATATGCTCATAT
GATATAAGTATCGTTCCTATGTCTCTAGGATTCCATTGGAT DNA AND THE REVOLUTION CAAAAACACACTTTTCTGGAAGTTTTCAATTTTCAATTTGG
ACATTTGATTTCTATCCACATCATAGATCAATATGGATCCA IN PERSONALIZED MEDICINE GACGGATCAGTCTCAATACAAGTGATGCTGTTTGGACAGAA
AACAGTAGTTAGAATCTGTTTCGAGTGTACTGAAAGAACTA 4 A GATAAATTCCTTTAATAAACCGCATGTGTTTAATTTGAGGT
CGATTTTTTAACGTAAATACGACCTCTATTTGCTTTTGCCC ACTGCCAAAAGGCTTTGAGTATAGTCGAATGTGGTAACAGT
GATTCGTCCATTTATGCCGTATGTGCATATTTTCTTAGTAT FranC]S S. CO”H’]S CGTCATGAACTCTCGCGGATTTGATAGCATTTGACACATTC
TTCAAATGCCTGCTTTTCTTAAACATTTATAAAATTTTTGT ATAATCTGTCAACTTTAGAAATATGTTAGTAGTAATATAAT
ACTGAGCTGTTTCTTAAATGCTTCCTTAATAATGTAAACAG : o TCGCATCGCTTAAACGAGGACCCTTACCAACAATGGAATCT
CAAAGATTATTAAATTATTCACAGACTCTGAGGATTCGGGT The Language of God GGTTTAGAAAATTCGTGGAGGGTTGGCCGAGTGGTCTAAGG
CGGCAGACTTAAGATCTGTTGGACGGTTGTCCGCGCGAGTT ATGATTTAACGTACTATTAACTAGAATAATAGGGAAATGCA
ATTGCAGTTTGAGAAGAAGAATTATTAATAAGCCAAAAAGCGGCTCACTIAAGTIAAGITITICITCATGGCGTCCTTTGCATTCAGCAATAATGGTTTTAGCAAAAAAATCTC
TTTCACTACACAAGTTGGAGCATATTTTTTAACAAATACAGATAAACGAAAGGCGATAATAAGTATACTTCCTATGTACAAGAATCTTTAAGTGATATAATCTTTCAGCGGA
CTAGAAGAATAGGGCGTTCAACTGTTGTCCTTGCAGACGTAAACTCCTTCAAGTAGTCATTATTTTGCTCGCAGTTTTGCCTTAAAATGCCCTCTGTTGTAGAAGTTAAAAT
TTGTTCTATTTTTCTATTATTTGCCACCCACTCTGTCACCTTCGTCCATCCTTATATTGAGCTTCCTGTTTCTCCGCTCTTTCTCTTGCAGCGTAAGGATCAATTCTTGCGT
CTATAAGTGGTTCCGCAGTAGTCTTTTTATTATTACCGCACTGCTGATCGGTCTCGTTCTTCATCTCTGCTGCCTCTTTTTCGCAAAATGAAATTATATTATTCCGTATTTG
CCAGTTCGGATATAGTTCTTGCTTCAAAAATTCCTTACACTTATTTTTTCCATTAATAGAGCCTTTCCTATAGTTGTTTAATTTTTGTCTTATTATATCATCACTTCCATGC
CTTAGAAACCTCAAAAATGAATCTATCAAGCTTGGATCAACACATCTTTCTCGCGTAACTGTGATTGTAGTAAGTGACGGTTCATCATTCGGAAAAGTAAGATTTGTTTCAA

“This book sets out
hope without hype, and
will enrich the mind
and uplift the hean.”

JEROME GROOFMAN

Author of the New York Times Bestseller



The completion of the first survey of the entire human genome was

announced 20 years ago on June 26, 2000.
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DNA is a language encoding biology

400,000 words Over 100,000 proteins
26 letters 20 amino acids
3 Morse Code Symbols 4 nucleotides

(dash, dot, spaces) (A, T, C, G)



Part I: The written language

So how do we crack a new language?

www.VADLO.com

“Data don’t make any sense,
we will have to resort to statistics.”




Therefore we look for commonly used patterns

=P e =SIYeR-EO-=

e =0e)>fEeli

(letters or words)

Té =R PP ==Hd mPe

y2i0uee | 2b=) =200 6f

BELITII=  $HO =4 ®PTe RHeeUEDS =p=

ey relix [He

HpP= | @=Rxo = HIE3 &

=R e =4

A



Therefore we look for commonly used patterns
(letters or words)

Pl é —=riéE= Leé& FRH P =PEpF E=Pe BERHe=4
THIS EXAMPLE IS TO SHOW YOU THE P OWER

oo =G> fe=2os I2I0eWé %P =20 6P
OF FREQUENCY ANALYS IS THE ENGLI SH

@¥R4THI= YO Te %PTe RReeTEO=T g =Ry mbe
LANGUAGE MAKES THIS POSSIBL E DUE TO THE

roerfelen e ®mbe @emses © ¥R
FREQUENCY OF THE LETTER E AND T.

The message fully decoded.



HE R> 9 40 AV PAI @ L TG6 e&A4d
NAQ+B ¢mOBDWY - < BK 3 & On November 8, 1969, Zodiac mailed the 340 cipher.
BXToM+uzoeowodelL méHT
S99 AAJLJANVOIO0+ +RRKO
OAM+4$1LTAaI ®F P+ PO/
94 RAFLO-BRAOCRF)>e®D¢ . .
Ne+KOBT oud X6V 4L | “When | first started looking at the

o ONYy + 0L a . .
T e e Zodiac ciphers all those years ago
SHluvr AT onac<EEX"  (2006), | thought, ‘Oh, | can just write
< D>JRIY I BeoeTOHM: -+PBF Ty
B R i NI s R b B a computer program and solve it,” but
JGFNAJ0®08 ' DV 0L+ + g H H . .
oot i bonthgrte it it’s been kicking my ass all this time.
1D " 0O¢BKPOIT A IMPse Until now.”
ROT+L@®@O C <+ FJwB| ®L )
++OwWce¢wWd POSHT/9Q¢e9 --- David Oranchak, December 2020,
| FAaw<Al PDropm—-c o>
>MDHNAJNSH204A4]1 KI+ upon solving Zodiac 340 cipher

https://www.sfchronicle.com/crime/article/Zodiac-340-cypher-cracked-by-code-expert-51-years-15794943.php



First letter

Seond letter

UuuU ucu uAL UGU
] e Ger UAC Jrve 5E o
(NN ]Leu uCa uss  Stop UGA Stop
UG UG | LAG Stop UGG Trp
cuy ] CCu CcALU ] His CcGu |
cuc |, ., €cc e CAC CGC Arg
A, CCAa, CAA Gi CiEA,

CUG | CCG | CAG ] " cac |
AUU ACU T AALU AGU

AUC [lle  AGC | AAC ]"*3” AGC ] Ser
Als | ACA, A, ] - P e TN ]Arg
AUG Met ACG AsG | Y2 Ace

Guu GCuU GAL '| [eleil)

GUGC |, Scc |, = GAC SRS ISEG -
GUA GCA GAA ] e, GGA L4
GUG | GCG GAG GGG

QFrPO0C QPO0C QPOC QFPOC

Jaje| payL

Proteins are encoded in

rFeame \

Feare 2

FRAHME 3

DNA as a simple cipher

T T T T 1
. “@
T T T 11
““.

'l"L'L"i'
OUEDACS

N StoxvY codow's ¥ o

ensures Yot Yhis
Lrovne = chosev




The central dogma describes the
biochemistry behind this encoding

THE CENTBAL DOGMMA

DNA

l [ ToANSCRPTION |

| l ) \L“ L|ll | [T rnSLATION|
Polypepticte

wWARNA




Evolution helps filter signal from noise

human ’
chimp AL d b
rhesus 7 T ‘
bushbaby AN
treeshrew "A
rat Y
mouse
guineapig
rabbit 4
shrew
hedgehog /
dog . /
cat 4 g
horse ‘ ) - ' ) ¥
cow =1 o, SRy =
armadillo i S s
E elephant .
tenrec Can you spot the differences?
opossum
platypus
chicken SNP SNP
lizard # *
frog
Fetraodon ..... TTCGGGGTC.... AGTCGACCG....
ugu
‘[Esti%kleback ..... TTCGAGGTC.... AGTCA ACCG....

medaka s TTCGGGGTC.... AGTCA ACCG....
—— zebrafish

..... TTCGCGAGTC.... AGTCCOACCG....



Evolution

human

chimp

rhesus

bushbaby

treeshrew

rat

mouse

guineapig

rabbit

shrew

hedgehog

dog

cat

horse

cow
armadillo

4|E elephant

tenrec
opossum
platypus
chicken
lizard
frog
tetraodon
fugu
stickleback

medaka
—— zebrafish

helps filter signal from noise

RefSeq Genes

3 y | 0T X2
[— . 8 0Tx2
e — ____|0TX2
I 00 3 y B QTx2
N ; y WG o722
[ y o122
F K oTx2
100%
3
;\\ 0%
s T 100%
canFam2
ﬂ [\'\ 0%
— 100%
galGal3
M 0%
E— 100%
nTro3
0%
100%
merDems
0%

T s e 100%
mmmm
- ! 0%
100%
sz
1 0%
) 100%
I I I | panTro3
' - 1 1 5%

Tio.mo

2 2)e s €A



Genes are only a small fraction of the genome.

LTR retro-
DNAtrat:sposons transposons
h \ 8%
Simple sequence
repeats

3%
Segmental

duplications
5%

Protein-coding
genes

What else is
encoded in the
genome?

We can

_ decipher from

sequences



Structural non-coding RNAs also have
inherent sequence patterns.

_ % gfgn‘iptor b ¥ \_ } \\«!‘ .

D loop 5§E§ e loop [ — 11 [ ]
CUC g o0t AggccUla GAGACUUCGGAUCUGGCGACACCC
(Qpattdle  (SSSSUE *~  UACACUUCGGAUGACACCAAAGUG
) g;g‘immmmp AGUUCUUCGGCAAGGGCACCAUUC
CLEREL CCAACUUCGGAUUUUGCUACCAUA
Anfeodoniool Ua g < AUGCCUUCGGAGCCAGCGUAACUU
Articadon KL= = > > KL =<K= == > > >

Dowell 2004; Dowell 2006



RNA secondary structure is a context-free grammar.

“The orange leaves fell slowly onto the ground.”

subject, noun, verp -
whot the sentence ( inkransitive Pre
1 k Lek "L
is abou - complete 1""-‘9(6,_0H

leaves / %,
é—'b"eec“

qd\jﬁ b, 03[0.)(.61'
<t é
ark;. round “otn
. e_ .
e I‘ .
Qi&@efs' 2" ANSwers, adJe.cEwe
“N\f*"'c\'\ _ s "How?” Preposi.ti.ovmt Pkrase -

(adverb) answers, “Where?”

www.English-Grammar-Revolution.com



Uncover RNA structure through

evolutionary alignments
(no simple cipher)

SSSSSSS

|
1
:I 2]

(R
e

AN,

oo |
RLLUITT AT
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(TN T

(LR
—
|
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The written language of life ...

ACCCTTACCAACAATGGAATCTCAAAGATTATTAAATTATTCACAGACTCTGAGGATTCGGGTAAAATAGGGTATTTAACTGGTTACCGGAAAGGTTTAGAAAATTCGTGGA
GGGTTGGCCGAGTGGTCTAAGGCGGCAGACTTAAGATCTGTTGGACGGTTGTCCGCGCGAGTTCGAACCTCGCATCCTTCAGTATTTTTTTTGATGATTTAACGTACTATTA
ACTAGAATAATAGGGAAATGCAATTGCAGTTTGAGAAGAAGAATTATTAATAAGCCAAAAAGCGGCTCACTAAGTAAGTTTTTCTTCATGGCGTCCTTTGCATTCAGCAATA
ATGGTTTTAGCAAAAAAATCTCTTTCACTACACAAGTTGGAGCATATTTTTTAACAAATACAGATAAACGAAAGGCGATAATAAGTATACTTCCTATGTACAAGAATCTTTA
AGTGATATAATCTTTCAGCGGACTAGAAGAATAGGGCGTTCAACTGTTGTCCTTGCAGACGTAAACTCCT T AAARTART AATTAT T TTRAATACCACTTTTACATTAAAATESR

CCTCTGTTGTAGAAGTTAAAATTTGTTCTATTTTTCTATTATTTGCCACCCACTCTGTCACCTTCGTCC

GCGTAAC -~ 77"~
AAATTA"
TATTAT,

< Genome Sequence Patterns &

CAATATI

TTTTTTTTGAT
TTT
TCT"

TCT,

AATTTTATAAAAACTATTTATGGACTAAAAACCTACAGCGCTCTTCATCATATCCCTTCCCGTTTCTTCH
TTAAAGTGGTTTCTACCGTGTCTAAACGAGTTTCAATTGCCCTAGAAACACTTTTAAGGACACCATATU

ATCTTCCGTACCGGGAGGTAACTT
AGTAGCTCATCAAGTTGATATGGT
TAGGAGTATGTTGTGATATGTCAG
TTCTAATATAGATGAATTTTCAAC
AGCAAAACGATCATAATAGTTGAA
TAGATTTACCTGGTGATACTAAAC
ACTGTAGCCAGTATCTTTGGCAAA
TTTTGAAAGTCATCAATTCCCCGA
CCAGCTTTAGAAATGACCCTAATA
TATTCATGATTGCGGACACCGCAC,
GAATCATCCAATGAAAATCTGCTA
TGATACCGCCAATTCCAATGTTTC
ACTTCACTGTGTGAAGCATCCCAT
TTAAAAACGATTCACTTTGAGCGA
GAAAATGGAGGCCTTGGAACTAAA
GGAGAAGCCTTCGGCAAGGGTAGA
CACAGAATACATTGGTGTGCCGCC
TGGCAAAGCCAGCTTACTTTAAAG
GTTTACCGCTATTGACATCCCAAA
TTCTATGTTTGTGGATAGATCACC
GATATAAGTATCGTTCCTATGTCT
ACATTTGATTTCTATCCACATCAT
AACAGTAGTTAGAATCTGTTTCGA
CGATTTTTTAACGTAAATACGACC

GATTCGTCCATTTATGCCGTATGT v

READ

'CCATTGTAAGGAATTCACTTGA
WCTTTCATTAAGTACTGAAATCAI
iGGCAGCGTAGATTTTTGACTTC
'AATAATGGGAATAAATGATAAT
\GTAACAAATCCAGGTATTGCGA

CTTGATTGTTGGTCTTTGTTGC
\ATACTAGAGAACCATCATCTCC,
iGCCTCTTCTGTCCAATATTATTI
LCTTGGTATAAAGCCTTGTTTAA
' TTTGGGAAGTTGTCCGTAAAAC
. TGGCCAGGTTAGTAGCTCTGTT
iCCCAGTTAGTAAAGCAGATCTG
WTTTTTTTGAACTGATTGCGCTA"
iTTTCAAGTTCGCCATCTTCTAA
AATCACGAAAATAGTTTTTGTT
'GAGGTAAACAGGGATTTTCTGT
\ACAGTCTTTCAAGGCAGGATTT
iACAGTTAATATATGTAAGGAAT
'GGTAAAAAAAATGTTGCTTGAC
'AACCGGTGATAGCCTCTCTTTT
iAGGCCAATCAGCATCCAATCCA
‘'TGCTCTTCTCATCTACAGCTAT
. TGTATCTCCCCAGCAGTAGTTG

s ATTTGGAGTTAATACCATTTGA

MRNA

Protein

TTCAAATGCCTGCTTTTCTTAAACATTTATAAAATTTTTGTATCTGTTCAATTGACAATTTTGTAACTT

ACTGAGCTGTTTCTTAAATGCTTCCTTAATAATGTAAACAGAATGCGCATTGTTGAACATACGGCTTCG

CAAAGATTATTAAATTATTCACAGACTCTGAGGATTCGGGTAAAATAGGGTATTTAACTGGTTACCGGA,
CGGCAGACTTAAGATCTGTTGGACGGTTGTCCGCGCGAGTTCGAACCTCGCATCCTTCAGTATTTTTTT

ATTGCAGTTTGAGAAGAAGAATTATTAATAAGCCAAAAAGCGGCTCACTAAGTAAGTTTTTCTTCATGGCGTCCTTTGCATTCAGCAATAATGGTTTTAGCAAAAAAATCTC
TTTCACTACACAAGTTGGAGCATATTTTTTAACAAATACAGATAAACGAAAGGCGATAATAAGTATACTTCCTATGTACAAGAATCTTTAAGTGATATAATCTTTCAGCGGA
CTAGAAGAATAGGGCGTTCAACTGTTGTCCTTGCAGACGTAAACTCCTTCAAGTAGTCATTATTTTGCTCGCAGTTTTGCCTTAAAATGCCCTCTGTTGTAGAAGTTAAAAT
TTGTTCTATTTTTCTATTATTTGCCACCCACTCTGTCACCTTCGTCCATCCTTATATTGAGCTTCCTGTTTCTCCGCTCTTTCTCTTGCAGCGTAAGGATCAATTCTTGCGT
CTATAAGTGGTTCCGCAGTAGTCTTTTTATTATTACCGCACTGCTGATCGGTCTCGTTCTTCATCTCTGCTGCCTCTTTTTCGCAAAATGAAATTATATTATTCCGTATTTG
CCAGTTCGGATATAGTTCTTGCTTCAAAAATTCCTTACACTTATTTTTTCCATTAATAGAGCCTTTCCTATAGTTGTTTAATTTTTGTCTTATTATATCATCACTTCCATGC
CTTAGAAACCTCAAAAATGAATCTATCAAGCTTGGATCAACACATCTTTCTCGCGTAACTGTGATTGTAGTAAGTGACGGTTCATCATTCGGAAAAGTAAGATTTGTTTCAA

Function

Function



Most disease associated variations reside In
regulatory regions

(a) Distribution of GWAS variants (b)

d “J ‘Oh, | can just write a

o — computer program

EE =001 o

i “Jm — and solve it.
B Coding %é il --- Robin Dowell
I Promoter *1 5: e mw (2005)
B Non-coding intragenic e
B Non-coding intergenic 3% a00 |- Oroliy Sesase:

Ho

Corrrandin and Scacheri (2014) RS, b TR D,



Part II: The spoken language

We don’t communicate solely through writing

“ don't think he should get that job.”

Somebody else thinks he should get the job.
He should get another job.

I'm not sure he'll get that job.

In my opinion it's wrong that he's going to get that job.



We listen to the genome via
[ L transcriptomics

Normal
30
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o L_ S o L
o 22 Adjacent non-tumor
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As our ability to listen gets better,
we uncover more classes of RNA

3_
nucleus

N
|

log, q[nucl. r.p.k.m./cyto. r.p.k.m,]
(@) Z5
| I

! ’ { o S |
b

—— Novel intergenic

Non-coding

Protein coding

=  H719 (IncRNA)

= ACTGT1 (protein-coding gene)

m GM12878

o ¢ Hela-S3
%\:\\\\%’;. 1p878
: - 075 K562
-1 — K562 0.05 HUVEC
cytoplasm L . | | |
= _o 0 = 4
abu ndance Indigo Girls, “Closer to Fine”,
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Many of newly discovered RNAs are regulatory
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https://www.ncbi.nlm.nih.gov/pubmed/22663078

What do we need to crack
the regulatory code?

Measure the right thing!

Sequence Evolution
Patterns (time)




ERTOONS.COM

Ironically, despite years of

expression studies, we haven’t

been looking at transcription!

“So things are good, stuff is OK, dI ete ate
my request for more speci f data

Nascent Transcription Steady state RNA = Expression studies



Direct measures of transcription indicate a large
fraction of the genome is transcribed but

DNA

¥

Nascent RNA

¥

Mature RNA

unstable
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DRAM1 eRNA

WHAT DOES ALL
THIS UNSTABLE
TRANSCRIPTION
DO?




Fact of the
matter: We have
no ideal

- Signal vs. Noise

Cham and Whiteson



https://www.theverge.com/2015/1/7/7483235/the-code-colombian-army-morsecode-hostages



Inevitably, some of this unstable

transcription is just noise.

™D

5 McCARTNEY
H DEAD =

THE GREAT HOAX

Pllllbso MYSTERIOUS WHBYERR ETSHE

"turn me on, dead man"

g KEEP PAUL'S DEATH
THE OE‘Tl'conES %‘E\CRET'

THE BEATLE DEATH
CURSE



Sometimes “noise” is beautiful

In 1960’s, Bell Labs' Holmdale
Horn Antenna in New Jersey
picked up an odd buzzing
sound that came from all parts
of the sky at all times.

Penzias and Wilson worked endlessly to remove the noise but
eventually realized this cosmic microwave background radiation
was the thermal echo of the universe's explosive birth.

1978 Nobel Prize in physics



Transcription tfactors are the regulatory
machines of the genome, they bind DNA
and alter transcription nearby.

T

I

Bind to DNA Alter transcription nearby




Alterations in transcription observed at many active TFs
(enhancer RNAS)

p53 (Allen 2014)
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Estrogen (Hah 2013)
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Transcription factor motif
ChIP-seq peak for indicated TF

NF-kB (Luo 2014)
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By MD Score

-1500 -750 0 750 1500

Distance to epicenter

Co-localization predicts which TFs
are active in a given cell type

HOCOMOCO

Observed MD Score

K562 GRO-seq
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f f I f
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Expected MD Score

Under Null Distribution



— Nutlin
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Changes in co-localization identify TFs
altered in response to perturbation
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ldentifying alterations in TF activity across distinct

perturbations

A p53 B
Untreated Nutlin
N (total) 592 1532
MDS 0.131 0.307
0.20. (Allen, 2014) 015
0.15¢ P53,P63 0.100
0.10-
o g Q 0.05
ég O 0.05 E
< S 0.00
<1 5 0.00 =
= -
3 —0.05+
—0.05/
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® TF motif (HOCOMOCO database)
e Statistically significant MDD score shift

NFKB1
Untreated TNFa
531 1403
0.082 0.185

(Luo, 2014)
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ESR1
Estradiol
1433 1888
0.123 0.218

(Hah, 2013)

ESR1(A/B)
ESR2

" . FOXF2,FOXD1,
GBX1,RORA,COT1
BT T
N (total)



ldentifying alterations in TF activity across distinct
time scales

Flavopiridol treatment
(Jonkers 2014)
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Context matters in regulation ...

no’Ent?cE:Ind

motif

bound

bound

eRNA




In language, meaning is influenced by context

=]

ea

q

k
E.g. I'll tear the package open. E.g. She left the room in tears.

Bass Bass
&=

& -

.. E.g. Fresh sea bass is a great
E.g. | play bass in a jazz band. delicacy,

Context matters to our
comprehension.

i

E.g. The club has Ii -
E.g. We used to live in London. S UNC CHIDIIAS SRS NIIUSIC

most nights.



Summary: 20 years of
deciphering the genome

~ o “When [ first started looking
5 (ol [« ® \ attranscription regulation
S

- s \/ —T 8 d / all those years ago (2005), |
" ’\ %/ f;g}! thought, ‘Oh, | can just write
READ + LISTEN = LEARN 2 computer program and

solve it,” but it’s been kicking

Genome Sequence Patterns my ass all this time.”
--- Robin Dowell (today)

Transcriptional Regulation



Moving towards fluency....

Genome Sequence Patterns Transcriptional Regulation

-
g

Reading Writing Speaking

Genome Modification Synthetic Biology
(2020 Nobel Prize)
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