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Three Goals of today’s talk.........

..... The non-coding transcriptome plays
pervasive roles throughout the functional
systems of the nervous system.

..... catalyzes a new paradigm of
computational complexity and information
processing in the nervous system.

....May solve the dilemma of Genomics and




Francis Crick’s Central Dogma of biological information flow

Transcnption Translation

[ > & >

-

Protein
mRNA

Central Dogma of Gene Expression.

Through the proeduction of mRNA (transcription) and the synthesis of proteins
{translation), the infarmation contained in DNA is expressed,




Problems with the Central Dogma.

1) Where's the complexity?
°  How many genes?

2) What's in the DNA? ... junk?
= Why keep it around?

3) Evolutionof regulatory networks?
o Requlator requirements in protein
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_ Animals
“A simplified view of the evolution of organismal complexity.” .

Plants
Fungi

Multicellular world

Evolution of RNA-regulatory networks;"

Entry and expansion of introns
Evolution of subcellular structures

(Protista)

Eubacteria
Archaea

T
—2000

The Journal of 2
Mattick, J. S. J Exp Biol 2007;210:1526-1547 Experimental :

iology




Relations among the transcribed bases in the nonrepeat portions of the human genome

Interrogated Portion of Genome
(41%-1,255,271,164 nts)

Cytosolic

poly(A)*

P. Kapranov et al.,

Nonredundant Union of Transcribed Nucleotides Observed in Long and Short RNAs in Two Cell Lines
(158,750,835 nts, 12.7 % of Interrogated Genome)

v

Exclusively Long Nuclear RNA Long Exclusively
Short RNAs 1+l v+ Cytosolic RNA
v 79.6% i+ i
5.3% 15.1%

Long Exclusively

N+ v 1 +W Nuclear and
Nuclear RNA

33.3% 46.3% + Cytosolic RNA
3 , 4

1.

")
T
v

Total Short RNAs
I+ V+ v Nl
9.9%

Science 316, 1484 -1488 (2007)




nucleus

cytoplasm
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Mechanism

of Regulation

1. Epigenetic Guidance (Imprinting,
Methylation, Demethylation)

Examples

IGF2r; KvLQT1 (100,101)

2. RNA - DNA Triplex

DHFR locus, upstream

RNAs

Inhibition of Promoter Region transcripts (39)
3. RNA based enhancement Air; EVF-2 (108)
of transcription 4

4. RNA Induced Transcriptional

Gene Silencing (TGS) SIS0z}

5. Modifications to Functional snoRNAs (51)

6. X Inactivation

XIST; Tsix (113)

7. ncRNAs targeting activators
and repressors of transcription

NRSE;SRA;HSR1 (58,100,101)

U1 to TFIIH (46)

8. Stimulation of Initiation
9. Transcription Elongation 7SK to PtefB (42)
10. ncRNA targeting Pol Il B2 RNA (44,45)

11. Splicing

HBII52; SC35 complex, TTP
riboswitch, snRNA; N-myc (43,72)

12. Transcript Editing

HBII-52; TS (72)

13. Nuclear Sequestration

CTN - paraspeckles (102)

14. Polyadenylation

IDE (106)

15. Transport to the cytoplasm

NF90 - Tau mRNA (107)

16. mRNA Stabilization/
Destabilization

Bri-2; HIF- 1 (103)

17. Sequestration to P Body by
RISC Complex

miRNA (83,84,89,90)

18. Transcript cleavage by RISC

SiRNA (104)

19. Translation Initiation Arrest

B1; B200; BCMA (92,91)

20. Release of Translation CAT mRNA in response
Inhibition to stress (83)

21. Nuclear Localization of TFs. NRON (13)

22. Co-translational protein 7SL RNA (112)

targeting
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Specific expression of long noncoding RNAs
in the mouse brain

Tim R. Mercer®, Marcel E. Dinger®, Susan M. Sunkin®, Mark F. Mehler®, and John 5. Mattick*s

*Australian Feseardh Council [ARC) Special Ressanch Centre for Functional and Spplisd G= cs, Irstitute for Molscular Bioscience, Unieersity of
Ques=reland, 5t Lucia, QLD 4072 Sustrslia; 18 1k=n urte for Brain ‘*atﬂ# W riidl ®lretitute for Brain Di % anid Neurasl F*q-ru-f:.t'r:n.
L= partrierts of Meuralogy, Heurcsciznce and Psychistry, and Behaviors - nicer Ceriter and Ross F. Kennedy Center for Research in
Mlerital Pt ardstion ard wlopireerital Disabilities, & Albert Einstein Alege of Medicire, Ere i, Meer Wark, WY 10451

Edited by Huda . Zoghbi, Baglor College of Medicire, Houston, TX, ard approved Hovember 21, 2007 {reosived for review July 17, 2007)

& major propertlen of the mammallan transcriptome comprises  that many owerlap with, or are transcribed antlsense to, |:|mh-|n-
leng RMAS that have [ittle or no protein-coding capacity (ncRNAS)L  coding g : {
only a handful of such transcripts ha &M Examins the exprass . zlr a@ss |._-.'rm:l |:-m'r--|n-
and K Is unknown whether this da f Trsns- Hpt Is gl-'rll-'rd"'.' coding genes complex relationships that, In combination
functional or merely artfact. Using o siw hybrdizaton data from with the e presslon profiles exhibited at both reglonal and
the &llen Braln &tlas, we ldentfled 849 ncRMAS (o B & ad)  subcellular levels, are Inconsistent with the notlon that the
In the adult mouse brain and found that the  transcriptional nolse or artifacts of chromatin remodeling. «
ssoclated with spedflc neuroanatomical reglons,  resulis show that the majonty of ncRNAs are expressed In the brain

ypes. of subcellular compartments. Ezaminatlon of thelr Ide strong evidence that the majorty of processed tran-
genamlc context revealed that the ncRMAS were expressed from with no protein-coding capaclty functlon Intrinsically as
diversa places Including Imtergenic, Intronic, and Imprinted locl and
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Mercer T. R. et.al. PNAS 2008;105:716-721
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ncRNAs comprise a Computational Matrix
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Noncoding RNAs: couplers of analog
and digital information in nervous

system function?

Georges St. Laurent Il and Claes Wahlestedt®

" The George Washingion University Madical Canter, Departmeant of Biochamistry and Maolecular Biology, 2300 | Streat, NW,
Aoz Hall 232, Washingtan, DUE. 20037, USA

# iim viralogy — Biogenesis Group, University of Antioguia, AS. 1228, Medalliin, Colomibia

F T Soripps Research Institute, Molecular and Integrative Newrsssiences Department [MIND], 53353 Parkside Drive, Jupiter,
FL 33458, USA




ncRNAs are unique as information processors

Small
Molecules T?°

\\ Ly

Diverse
Proteins

ncRNA
Information
Coupling

Digital

-Fine Tuning

-Wide Array of
Interactions

-Environmental
Sensor

-High Density
-Noise Filtering

-Precision

Capacity to couple
the

of
sequence homology
to the analog
information
dimension of
macromolecular
shape.




Sensory signaling changes ncRNA secondary structure in-vivo

Unigue sensory features:

R €3
. \ B
- Reversibility Chmafornige
/ ; - "’q‘*“&l&pr.f ‘.
. M%a4 T NAD ;:‘ATP?
—> Sensitivity

- Plasticity

Heat Shock
Response



Molecular Digital Analog Computation with ncRNA

Transport to
Nucleus
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ncRNA Information Theory and Thermodynamics:
more information for less thermal energy

Information Content _  Codable Degrees of Freedom
Thermal Dissipation ~  Thermal Degrees of Freedom

2 p;Inp;

2tIn:




NCRNA features an enhanced Shannon
Entropy to Thermal entropy ratio.

Information Content z pl In pl

Thermal Dissipation I

>ilnt




NCcRNAS can regulate the early pathogenisis of complex disease

ARTICLES

nature., .,
medicine

Expression of a noncoding RNA is elevated in Alzheimer’s
disease and drives rapid feed-forward regulation of
B-secretase

Mohammad Ali Faghihi'-?, Farzanech Modarresi', Ahmad M Khalil', Douglas E Wood®, Barbara G Sahagan”,
Todd E Morgan®, Caleb E Finch?, Georges St. Laurent I11>°, Paul ] Kenny’ & Claes Wahlestedt'




R-secretase = BACE-1 (B-site APP cleaving enzyme)

Rate limiting for AR 1-42
generation

Finely tuned
Stress responsive

Up-regulated in Alzheimer’s
disease

Inhibitor: disease modifying
therapy

Gurney et al., Nature 402:533, 1999



BACEI (beta-site APP cleaving enzyme)

Figure 1

FAD “Swedish”
ANL 670/671
rolcase Ox-2 antigen mulation

nuuuvisw domain domain
L

i —
U

29 34 364

a-secretase

l y-secretase

[E—| —
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BACE1l Genomic Locus

. — 100 nt
m7GpppGl___ T T T TAAAAAA
Human BACE1-AS main variant

* * *

m7GpppG-{_|_|[JAAAAAA
Human BACE1-AS short varient

m7ewpc-__::DAAAAAA
Mouse Bace1-as main variant — 100 nt

* t *
mGoppG NN TN T T 7T T Jassama

Mouse Bace1-as long variant

mMiR-485-5p binding site is located in the overlapping region of BACE1
and BACE1-AS transcripts.



FISH images show a nuclear enrichment pattern

DAPI BACE-1 OVer

DAPI BACE-1-AS Overlay

DAPI BACE-1-AS Overlay
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BACE1-AS is elevated in Alzheimer’s disease
brain (as is BACEL1 itself)

C—IBACE-1-AS
I BACE-1
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Control AD

Human brain Samples (group 1: 10 AD 10 control/region

Hippocampus (n=40 each)

Faghihi et al. Nature Medicine 14:723, 2008



AB aggregation
Oxidative stress P aggreg

and other Pn |

cell stressors AB plaque
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SIRNA Screen for NAT modulation of cell viability
700 NATs — 2000 siRNAs

m Coding
mNC




NCcNATs score almost as high as coding NATs Iin
cell viability screen.

H Coding

# Non Coding




Validation in approx. 60% of hits

Figure-4
A)
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[ ANKRD52(AS)

8

*

=il

Control siRNA SRl RN ! Control SRNA siRNA4  siRNA5  siR}

RNA transcript
(% of control)

RNA transcript
(% of control)

g
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Proteome Wide Prediction of RNA Binding Affinity
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RNA Protein Complex Hi Throughput Pipeline

= Proteome wide Prediction of RNA Binding regions

= Endogenous Flag Tag of Predicted RNA Binding proteins

l

= Cryogenic Flag IP of RNA — Protein Complexes

l

= RNA Deep Sequencing and Peptide Mass Spec

= Bioinformatics Identification of RNAs and proteins

l

= Systems Biology Analysis of Datasets = Network construction



Cryogenic ImmunoprecipitationTechnique

*PC12 cells
Cells
sprimary cells

l *neuronal progenitors

e®0000o00oe FreeZ|ng eec0ccoceoe

#E
TLK?\;"\,{

o
)

PRC

ENTROPY ENTROPY

Create cell
‘grindate’

|

Immunoprecipitation

by o

Proteomics, RNA-Seq, or Chip-SegAnalysis
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http://www.aargon-neon.com/images/entropy-night-big.jpg
http://www.aargon-neon.com/images/entropy-night-big.jpg

e
Difficult Timescales for RNP Immunoprecipitation

Specific binding
= Nonspecific binding

60% — 1N [ARVANLe
state

50%

40%

30%

20%

33



£
i%%% Features of Cryogenic IP for RNP Studies

*Rapid technique prevents RNA degradation and loss of
transient macromolecular interactions

* Rearrangement is not a significant problem

* Yields of > 90% for bait protein and associated RNA
* Does not depend on a particular protein tag

* No cross-linking necessary

 Able to capture weak interactions

An ideal technique for studying maturing RNP complexes




Transfected
with:

250 kDa

150 kDa
100 kDa

75 kDa

50 kDa

HUR = 37kDa 37.5kDa

25 kDa

Cryogenic Immunoprecipitation of RNA — Protein Complexes



High-throughput tools for ncRNA Systems Biology
Helicos single molecule sequencing

>GATAGCTAGCTAGCTACACAGAGAT
>GATAGACACACACACACACAGCGCA
[ >GTACTACACACAGCGACACAGTCTA
| >GTCGAACACACATGAACACATGAGC

' >GTGTCACACACGACTACACATGCAT
: >TAGTGACACACGTAGACACGACAGT

>TCTCGACACACTATCACACGACTCA
>TGCACACACACTCGTACACGAGACG

Sample HeliScope™  Bjoinformatic Output
Preparation Single Molecule Analysis
Sequencer Engine

Capacity = 10 billion nucleotides / run

36



http://images.google.com/imgres?imgurl=http://www.beckman.com/products/images/automatedsolutions/span8pipetting.jpg&imgrefurl=http://www.beckmancoulter.com/products/PartsandAccessoriesGroup/BiomekFX_pipettingoptions_pa_dcr.asp&h=187&w=246&sz=9&hl=en&start=12&tbnid=pjkVziL3sVIjUM:&tbnh=84&tbnw=110&prev=/images?q=pipetting&gbv=2&svnum=10&hl=en&sa=G

HuR Associated Transcriptome isolated by Cryo-IP:

*Affy All Exon Array = 11,155 called probes
[llumina Deep Sequencing = 6 million total sequence tags
Coding and non-coding represented in top 3000

*Natural Antisense RNAs such as HIF1a-AS represented in
top 100

*60% overlap between top 3000 sequence tags and Affy.

*Helicos comparison pending (permits very small sample
sizes)

37



RNA Motif #1 for HuR association

Lopez de Silanes, et. al. (2004) PNAS. “Identification of a target RNA
motif for RNA-binding protein HUR” [MyriamGorospe’s Lab]

‘ Loop 3-8 bp

—_—
0
b —
5
P
Q
s
Y
-
o
Y
L™
w
Q
-
-
©
@
o

U/G
U/G

- Found the Gorospe motif in 4536 of 11150 sequences
... (versus 3521 in a mononucleotide shuffled control)

—>Z-score =~ 20.69

38



RNA Motit #2 for HuR association

Ma, et. al. (1996) JBC “Cloning and Characterization of HuR, a
Ubiquitously Expressed Elav-like Protein”

- Found the Ma motif in 2230 of 11150 sequences
... (versus 1267 in a dinucleotide shuffled control)

—>Z-score =~ 29.72

- Both motifs informative, but suggests HuR responds to a
wider range of information signals.

39
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—e— positive set cluster size distrubution

—— size of clusters, corresponding to same structures, found in negative set

—o— Cluster size distribution (same as previous, but sorted)

-o— positive set cluster size distrubution

60 - -o—positive set cluster size distrubution . — -
—o— positive set cluster size distrubution

—— size of clusters, corresponding to same
structures, found in negative set

—— size of clusters, corresponding to same
structures, found in negative set

—— size of clusters, corresponding to same

120 X .
structures, found in negative set

50 1 —o— Cluster size distribution (same as

previous, but sorted)

—o— Cluster size distribution (same as
previous, but sorted)

200

—o— Cluster size distribution (same as
previous, but sorted)

cluster size
cluster size

cluster size

100
cluster number

150 100

cluster number

cluster number

window lengin = 50 window lengin = 45 window lengin = 40

Structures 45-50 bp length Structures 40-45 bp length Structures 35-40 bp length
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HUR-binding transcripts have ~3 times more special local
secondary structures than HUR non-binding transcripts
« Z-score 2 38

positive

O

=

=
7p)
O
o




HuR Associated Transcriptome isolated by Cryo-IP

Affy All Exon Array yields 11,155 called probes

o 1494; 13%

m 364, 3%
O 3753, 34%

@ Only matching strand annotation

m Both annotations
@ Only artisense annctation

O Mo annotation at all

@ 5544, 50%

Antisense transcripts comprise 50% of associated RNAs




Multiplexed Computation of Gene Expression

Cellular stress Serum starvation

My

!
|
/’ ‘\"\
A I:; L—" >
= \m

4
AAAAA

sIRNA and miRNA mRNA translation
mediated target repression and
cleavage degradation

Reversible reprassion
of CAT-1 mBNA
translation

TNFe mRNA HCV RNA
‘ translation replication

[TP-mediated
mRNA degradation

- Another example: lin 28 - let 7 interactions.



Cytoplasmic P Bodies — Supercomputing Warehouse for RNA.

Nnature Lt
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Scaffolding Machineries regulate synaptic translation

a Basal state b Translation activation
Presynaptic < ‘
cell Synaptic 2

activation 2 §

280 (o) @)X
Lee

&

Ytd§-.
N A

Postsynaptic
cell

I »

Arc
« transcription [
|\ N v

@ NMDA
recepror

\ New

Arc mRNA

SBEIEED F-actin

| Translation
| activation

¢ Arc-dependent consolidation

Retrograde
~ . signalling

Sustained Arc
transiation

@D AMPA

receptor

W BDNF @iy Arc (P) Phosphate

; x[
Cofilin == TrkB
A p

© Glutamate ! PSD &£ 1l RNA- containing

\ v - Stored mRNA
N2 pranule

{aeCaviKii)

Nature Reviews | Neuroscience

Bramham and Wells (2007) NEUROSCIENCE
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ncRNAs modulate synaptic translation machineries

£

R Cao X, et al. 2006.

Annu. Rev. Neurosci. 29:77-103

Information content supplied from a range of ncRNAs may modulate
these machineries to produce many “Colors and Flavors”of LTP and LTD



RNA as an intercellular communicator

(d) Docking

(e) mRBNA translation

-,

Protein
/—- e \

Target

Dinger et. al. (2008)




Sid2 Expression in
Mammalian Brain

3 R “Detail
no gene B ke “~. . (hippocampus)

Detail
(cerebellum)

Dinger et. al. (2008)



Editing may play an active role in the computational matrix.

Meuroscience Letters 466 (2000) 89-98

Contents lists available at ScienceDirect

Neuroscience Letters

journal homepage: www.elsevier.com/locate/neulet

Mini-Review
Enhancing non-coding RNA information content with ADAR editing

Georges St. Laurent [112-P, Yiannis A. Savva?, Robert Reenan2:*

 Department of Molecular Biology, Cell Biology, and Biochemistry, Brown University, Providence, RI 02912, USA
P Immunovirology — Biogenisis Group, University of Antiogquia, AA. 1226 Medellin, Colombia

ARTICLE INFO ABSTRACT

Article history: The depth and complexity of the non-coding transcriptome in nervous system tissues provides a rich
Received 1 July 2009 substrate for adenosine de-amination acting on RNA {ADAR). Non-coding RNAs (ncRNAs) serve diverse
Received in revised form 2 September 2008 regulatory and computational functions, coupling signal flow from the environment to evolutionarily
Accepted 5 September 2009 coded analog and digital information elements within the transcriptome. We present a perspective of
ADARs interaction with the non-coding transcriptome as a computational matrix, enhancing the informa-
tion processing power of the cell, adding flexibility, rapid response, and fine tuning to critical pathways.
ADAR Dramatic increases in ADAR activity during stress response and inflammation result in powerful informa-
Nervous system transcriptome tion processing events that change the functional state of the cell. This review examines the pathways and
Non-coding RNA (ncRMA) mechanisms of ADAR interaction with the non-coding transcriptome, and their functional consequences
ADAR activity during stress and for information processing in nervous system tissues.
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The Transcriptome as a computational Matrix
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ADAR participates in ncRNA information processing

Heterochromatin Histone Transcription Transcriptional
Formation Signaling Initiation r Elongation

m ﬂ (A THTTTTT \
um..ou“* vy

esiRNA ‘ o .
. 0
V4 “ Vigilin

Induction of -

Heterochromatin X J Iong dsRNA
Q})ADAR

Paraspekle

"
Q Tudor SN %)9 IA::R %}é

DOSHA Degradation

miRNA targets
reprogramming N
translation <D e CAT
1R Protein

Stress
Response




ADAR participates in Inflammation
Cascade Feedback Loops
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ncRNA - protein machineries mediate two way information flow
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Conclusions

1. Non-coding Regions directly correlate with organismal
complexity across evolution.

2. ncRNAs are differentially expressed, processed, and localized in
cell types, tissues, and biological processes.

3. ncRNAs play functional roles in processes such as development,
stress response, and disease.

4. ncRNAs have unique information coding and processing
capabilities: density, range, and flexibility.

5. Therefore, in mammalian cells, the combinatorial space of RNA —
protein interactions likely functions as a molecular supercomputer,
impacting the great majority of pathways and cellular functions.
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