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Outline

 The Discovery of Pervasive Transcription

* Pervasive Transcription, Take 2
- The advent of Next Gen Sequencing

 Drilling into one type of pervasive transcription:
Transcribed Pseudogenes



doi: 10.1038/nature13424]

[Nature 512:445 ('14);

During the genome annotation era,
protein-coding gene counts in worm, fly & human
have remained fairly constant
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Discovery of Pervasive Transcription:
Dark Matter of the Genome

« With the advent of custom tiling arrays it was shown that a significant
portion of the human genome (outside known protein coding genes) is
transcribed

— Chr 21/22: Kapranov et al....Gingeras (2002) Science
* “When compared with the sequence annotations available for these
chromosomes, it is noted that as much as an order of magnitude more of the
genomic sequence is transcribed than accounted for by the predicted and
characterized exons.”

Also (Chr 22): Rinn et al... Snyder (2003) Genes & Dev.

- Whole Genome:
Bertone et al. (2004) Science & Cheng et al. (2005) Science

- Pilot ENCODE (1% Genome) Nature (2007)

« “...our studies show that 14.7% of the bases represented in the unbiased tiling
arrays are transcribed in at least one tissue sample.”



Noisy Raw Signal from Tiling Arrays (Transcription)
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TARs (novel RNA contigs) from
Segmenting Transcriptional Signal

* Cluster reads setting minimum-run and maximum
gap parameters for newly identified transcribed
regions (TARS) [called TransFrags by Gingeras et al.]

| Known exon | [ Known exon |
TAR TAR TAR
novel TAR correct identification possible exon extension

ENCODE RNA-Seq Data



Controversy of Pervasive Transcription

Over the last decade this result : R
has been somewhat
controversial NES SA : _QA N=
(Clark et al (2011) PLoS Bio) T "Q\
“Current estimates indicate that only about & ()

1.2% of the mammalian genome codes
for amino acids in proteins. However,
mounting evidence over the past
decade has suggested that the vast
maﬂ'ority of the genome is transcribed,
well beyond the boundaries of known
genes, a phenomenon known as
pervasive transcription. Challenging
this view, an article published in PLoS
Biology by van Bakel et al. concluded
that ‘the genome is not as
pervasively transcribed as e A - b th
previously reported’ and thatthe =Y, TR G S
majority of the detected low-level T PSR EAE WS L LD 3
transcription is due to technical

artefacts and/or background biological

noise.”




Cross-Hyb. —
Specific & Non-specific

» Perfect match (PM):
probe binding intended target

» Specific cross-hyb.: probes binding non-PM
targets with a small number of mismatches

» Non-specific cross-hyb.: probes binding
targets with many mismatches, due to
general stickiness of oligos

NI

Perfect Match Specific Cross-hyb. Non-specific Cross-hyb.




National Institutes of Health funding for
‘microarray’ and ‘sequencing’ projects

Advent of NGS: i el

Much Cleaner
Signals than Tiling
Arrays, Supplanting
this Technology

ChlIP-seq
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[Gerstein*, Rozowsky* Nature 512:445 ('14); doi: 10.1038/nature13424]

Com pa rative « Broad sampling of conditions across

transcriptomes & regulomes for

ENCODE Functional human, worm & fly

— embryo & ES cells

GenOmiCS Resou rce — developmental time course (worm-fly)
(EncodeProject.org/modENCODE.org) * In total: ~3000 datasets (~130B reads)
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binding
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v [ RNA transcripts
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[Gerstein*, Rozowsky* Nature 512:445 ('14); doi: 10.1038/nature13424]

Uniform Annotation of non-coding Elements

« Uniformly processed the RNA-seq expression compendium
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Gold-standard Set

IncRNA: » Known ncRNAs = CDSs o UTRs = Intergenic Regions
Machine-learning Lo
Identification of Y Bl KN W
many candidate IiH = I
ncRNAs through i H‘*H H* |E iE il
evidence integration If;] HEIE B H*IT 9 %m H H
° NO Si ng|e featu re - R StrFuEgre St(r:lgcr:‘t:‘re i ay ol E«E P%:ﬁg
(e.g. expr. expts., .
conservation, or m H 16 CDS$
sec. struc.) finds all 00
known ncRNAs => 99 121
combine features in
stat. model A

. 90% PPV, 130f15  Total
tested validate RNA

\S

Poly-A+ RNA Tiling Array

T|I|ng 0 Inte.rgenic Regions
Array 0 2 4 6 8 10
[Lu etal. Genome Res.2011;21:276-285] RNA 2° Structure Conservation 2



Annotated ncRNAs

Human Worm Fly
Elements Genome Coverage Elements Genome Coverage Elements Genome Coverage
mRNAs (exons) 20,007 86,560 3.0 21,192 34,437 34.3 13,940 35,970 28.0
Pseudogenes 11,216 27,089 0.95 881 1,343 1.3 145 155 0.12
pri-miRNA 58 44 43 300 0.23
<
2 E pre-miRNAs 1,756 221 236 22 0.02
2 (8]
% é tRNASs 624 609 314 22 0.02
? £ snoRNAs 1,521 141 287 34 0.03
© Q.
s E SnRNAs 1,944 114 47 7 0.006
c o
=S IncRNAs 10,840 233 852 868 0.68
Other ncRNAs 5,411 40,104 376 2,103 1.6
nPIRNA 88 35,329 27 1,473 1.1
Total 22,154 17,770 (.62 41,466 2,611 2.6 2,155 3,279 2.6

Identify non-canonical transcriptionin regions
of the genome excluding mRNA exons,
pseudogenes or annotated ncRNAs.

[Gerstein*, Rozowsky* Nature 512:445 ('14); doi: 10.1038/nature13424] 13



& Non-Canonical Transcription

Human Worm Fly
Genome Coverage Genome Coverage Genome Coverage
Elements Elements Elements
Total ncRNAs 22,154 17,770 0.62 41,466 2,611 2.6 2,155 3,279 2.6
Regions Excluding
mMmRNAs,
283,816 2,731,811 95.5 143,372 63,520 63.3 60,108 89,445 69.6
Pseudogenesor
Annotated ncRNAs
Transcription
Detected 708,253 916,401 32.0 | 232,150 37,029 36.9 83,618 44,256 34.5
(TARs)
Supervised 104,016 13,835 0.48 2,525 392 0.39 599 164 0.13
Predictions

e Similar fraction of non-canonical transcription of non-
canonical transcriptionin human, worm and fly

— 32-37% of each genome

14

[Gerstein*, Rozowsky* Nature 512:445 ('14); doi: 10.1038/nature13424]



TAR Characterization

Non-canonical transcription (TARs):

* Mostly transcribed at lower levels
than protein-coding genes.

* Enrichment for overlap of TARs with
ENCODE enhancers and distal HOT
regions -> potential enhancer RNAs

(eRNASs).

Human, Worm & Fly

[Gerstein*, Rozowsky* Nature 512:445 ('14); doi: 10.1038/nature13424]
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Clustering & Classifying Blocks of Un-
annotated Transcription into larger units

Assignment of novel TARs to known gene loci
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Rozowsky et al. Gen. Res. (2007)

Assigned Novel TAR

Unassigned Novel TAR
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ncRNAs/TARS can be clustered with known genes

Correlated Anti-correlated

HOXB4 vs. hsa-mir-10a SGCB vs. TAR chr19:7698570-7701990

S lin-39 vs. TAR chrlll:8871234-2613
.a ,\\ ./ » -
g e =
o
X
w Dfd vs. mir-10

—t T SN\ 5.

) (;/ \-.._, = - f\‘) .
Stage/Sample Stage/Sample
Ortholog — — — -ncRNA / TAR

Human, Worm & Fly

[Gerstein*, Rozowsky* Nature 512:445 ('14); doi: 10.1038/nature13424] 17



Pseudogenes are among the most interesting
intergenic elements

* Formal Properties of Pseudogenes (YG)
— Inheritable
— Homologous to a functioning element — ergo a repeat!
— Non-functional
* No selection pressure so free to accumulate mutations
— Frameshifts & stops
— Small Indels
— Inserted repeats (LINE/Alu)
 What does this mean? no transcription, no translation?...

[Mighell et al. FEBS Letts, 2000] 18



Pseudogene Definition

PSEUDOGENE BIRTH AND GENE DEATH

Two distinct processes can duplicate genes, and together they allow genomes to grow and
diversify over evolutionary time. If errors in a copy destroy its ability to function as a gene,
however, it becomes a pseudogene instead [right). The mutations that can Kill a gene (below)
range from gross deletions [such as the loss of the promoter region that signals the start of
agene sequence) to minute changes in the DNA sequence that skew the meaning of the gene's

FLAWED COPIES

A"duplicated” pseudogene
arises when acell is replicating
itsown DNA andinsertsan

Duplication and mutation

A
G

mutation frameshift

protein-encoding segments, called exons. 4 Promoter Exon  Intron Pupicated pmdugane
extracopyofageneintothe | r L !
genome in a new location. GENOMIC 1 e | "7(\ 2
DNA ludl - = I

GENE DEATH L : ! \J'(S-\‘

Genes die and become pseudogenes when can alter their amino acid meaning, and base X Gana Pmcessedfseu“ge"e
mutations generated during the gene-copying  deletions or insertions can affect neighboring A"processed” pseudogene is formed during .‘"Y

process or accumulated overtime renderthem  codons by shifting the cellular machinery's gene expression, when agene is transcribed Transeription b

incapable of giving rise to a protein. Cellular reading frame. The alignment shown here of into RNA, then that transcript is processed into /

machinery reads the DNA alphabet of nucleotide  a partial sequence for a human gene (RPL21) ashorter messenger RNA (mRNA). Normally, Reverse transcription f

bases (abbreviated A,C, G, T) in three-base againstone of its pseudogene copies the mRNAis destined fortranslationintoa RNA transcript AN PR i

increments called codons, whichname an amino  (WRPL21), along witheach codon’s corres- protein—but sometimes itcan instead be r L

acid building block in a protein sequence or ponding amino acid (AA), illustrates some of reverse-transcribed back into DNA form and r b - Procesl Y V—

encode "stop” signals indicating the end of a the disabling mutations typically found inserted inthe genome. L i i L L N W —

gene. Evensingle-base mutations incodons in pseudogenes. |—|—'

mRNA
Synonymous
Premature stop codon mutation Gross deletion
AA ENE Evi ER I £ B N EKS iR ESE PSS | EeE EnE S i EE| BeE PR AV EK Bl BN ID) B AN RN (EEN EEN bRl EKN EEN EKN EGN BV EeR Evi ED K ERE EOR BB BT EEE EPE ERE EBEl EX H ES BV R
RPL21 AATGTGC[GITATTGAGCACAATAAGCACTCTAAGACGCGAGATAGCTTCCT[G/lAAACGTGTGAAGGAAAATGATCAGAAAAAGIAAAGAAGCCAAAGAGAAAGGTACCTGGGTTCAACTAAAGCGCCAGCCTGECTCCACCCAGAGAAGCACA CTTTGTGAGA
¢RPL21 AA'GYCIA'YGAGCACATTAAGCACTEEAAGACGGATAAEYCCCTAAAAAEATGAAGGAAAATGAYCAGAAAAAG AAA CCAAAGAGTTCAACTGAAGTGCCAGCCTGCTCTACCAAGAGAAGTC CCAAICTTTGTGAGA
AA N V| H I E H I K H S 'K 'S R D N Rl RS BES S s IK Ed ENE EDS BN RER NN K 0 R NN BEO KE C KO P A L Bl BRY EE v E ENS iR
Nonsynonymous Base deletion and Base insertion and

frameshift

[Gerstein & Zheng. Sci Am 295: 48 (2006).]
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Genome-wide Annotation of Pseudogenes

Pseudogene Information Pool

(PseudoPipe > F-> % RetroFinder l HAVANA I

1
1
1
1
Protein Reference :
Sequence Genome |
1
1
\/ | 2-way
: a consensus
o
Six-frame blast 'S 9.772
Y :§
Eliminate redundant hits E
Remove hits overlapping exon !
! 1000G  ENCODE
v : Level 283 *
. . . 1
Merge hits and identify ! el
parents ! :
e e e e e e e — = .
v
FASTA re-alignment
Polymorphic
Pseud
/\ seu 4%g;jenes 1 4,1 61
Processed Duplicated 5347 lovel 283
Pseudogenes Pseudogenes
Il Pseudogene

\ // Decoration
Resource




Calling transcribed
pseudogenes

(while guarding e ‘ Yiiﬁ‘fﬂ%%ﬁ%
mapping) L1 (iin-35) ma M
L2 : L R
« Counting 13
un i q ue I y dauer entry (daf-2)

dauer (daf-2)

mapped reads
in RNA-seq: o

— RPKM > 2 L4 male “
~ 1441 human

dauer exit (daf-2)

transcribed RN ey s s
pseudogenes TO1B11.7.1 " P00501

chrlV: 8,464,749 - 8,472,587 chrlV: 8,461,023 - 8,463,781

* Using ESTs Looking for a discordant expression

(misses pseudogenes co-expressed w. parent)

[Sisu et al. PNAS (114); doi: 10.1073/pnas. 1407293111 ] 21



Validation of
Pseudogene
Transcription

ldiMzad

e

—a0—
A

- a4+t 4 P @

dOIdAd

[] Pseudogene model [ Protein-coding model

[ Processed transcript model < Indicates pseudogene locus

Validation rate (%)

100 -
8 Specific Primer Different Tissues in Body Map
i B Monoexonic
B @ Multiexonic
60 -
40 —
) :I] [I:| |:I:| |:I:|
0 -
brain heart kidney liver lung muscle spleen testis all tissues

80% of the monoexonicand 22% of multiexonichuman pseudogene
models validated using RT-PCR-Seq; 57 of 76 in toal

Simple & Complex Ex
of Pseudo-gene Trans-
cription

[Pei et al., GenomeBiology (2012, 13:R51)] 22



[Sisu et al. PNAS ('14); doi: 10.1073/pnas.1407293111 ]

Pseudogene Activity

Total
H Highly-Active
Thx P Partially-Active
D Dead
B Yes
Pol I LIho
B Human
B Worm
HMFly
AC = =
N
TF é\ id € @ ﬁc’ﬁ
U
H
1% 78°/° 21 %

15% of pseudogenes
are transcribed in
ﬁ 5} & f 5} 5} each organism

% 66% 30% 5% 63% 32% 23

W
N
I
H
4



Partial Pseudogene Activity

Transcribed with Additional Activity

Scale 5 kbl 1 hg19
chr7: 65215000 65220000 652250001 65230000
CCTEP - ) Pseudogene Annotatlon Set from EN_(E_O_IZ_)lE/_CiENQ_QDE
In(x+1) 8 _ Transcription Levels Assayed by RNA-seq on 9 Cell Lines from ENCODE
Transcription
0 |amatsbommn. Ak St b oo ot ol dsn ol setlnall, domstsscdoid soatinfiiitied. . ...
50 _ H3K4Me1 Mark (Often Found Near Regulatory Elements) on 7 cell lines from ENCODE
Layered H3K4Me1
0 J - e S P | —— [ —— | -
150 _ H3K4Me3 Mark (Often Found Near Promoters) on 7 cell lines from ENCODE

Layered H3K4Me3

il

(O — e . L1
100 _ H3K27Ac Mark (Often Found Near Active Regulatory Elements) on 7 cell lines from ENCODE
Layered H3K27Ac
0 e antii JEEE _.-.._.-__‘._—_._

Digital DNasel Hypersensitivity Clusters from ENCODE
DNase Clusters H 9 T pr Chlg . ENCODE
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Txn Factor ChIP . i b
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Partially Active

Scale 1 kbl 1 hg19
chri: 109646500 109647000 109647500 109648000
Pseudogene Annotation Set from ENCODE/GENCODE
In(x+1) 8 _ Transcription Levels Assayed by RNA-seq on 9 Cell Lines from ENCODE
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— —— o s i O o T p——
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0
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0
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Examples & speculation
on the function of
pseudogene ncRNAs:

Regulating their parents

Y g Antisense
S TTTTITTTTT -uuumm H
=1 AR ¥ transcript

o
 via acting as endo-siRNAs Hairpin
[ex. in fly & mouse,
|‘08 refs.] 21-n@tide
» via acting as miRNA Lo
decoys
[PTEN, BR AF] | mRNA.cleavage
[Sasidharan & Gerstein, Nature ('08)]
 via inhibiting degradation
of parent s MRNA Alternativel Czech et al. Nature 453: 798 (‘08).
[makorin] Yy, Ghildiyal et al. Science 320: 1077 (‘08).

jUSt last gasps Kawamur et al. Nature 453: 793 (‘08).

. Okamura et al. Nature 453: 803 (‘08).
of a dying gene Tam et al. Nature 453: 534 (‘08).
Watanabe et al. Nature 453: 539 (‘08).

Poliseno et al. Nature 465:1033 (*10)
Karreth et al. Cell (15). 25



Prevalence of noncoding transcription
in the human genome, in relation to IncRNAs:
From noisy TARs to regulatory pseudogenes

 The Discovery of Pervasive
Transcription
- Segmenting a noisy signal
from Tiling Arrays into TARs

- The problem:
were the results accurate?

- Cross-hyb.

 Pervasive Transcription,
Take 2

- The advent of Nextgen seq.
- Evidence integration: incRNA

- Now consistent cross-
organism results: ~1/3 of the
un-annotated genome is
transcribed

* Drilling into one type of
pervasive transcription:
Transcribed Pseudogenes

— Tricky definition & great
prevalence (~14K)
- Many transcribed: ~15%
« Validation (RT-pcr)
* Lots of other supporting
evidence

(other func. genomics expt.
+ selection)

- ldeas on a regulatory biological
role (endo-siRNAs, sponges,
&c)

26
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