
Examples of lncRNAs 

REGULATION OF TRANSLATION BY 
ANTISENSE 
lncRNA Uchl 

-- SINEUP-- 

PSEUDOGENE DERIVED lncRNAs 
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DNA 

P r o t e i n  c o d i n g  g e n e s  g i v e  
r i s e  t o  p s e u d o g e n e s  

RNA intermediate DNA based DNA based 



ORF1 protein binds LINE RNA; 
localizes to TTT rich sequences 

ORF2 enonuclease activity 
nicks target sequence 

ORF2 reverse transcriptase 
activity 
 makes reverse transcription 

priming 

ORF2 reverse transcriptase 
activity 
makes reverse transcription 

Generation of direct repeats 
in target site 

DNA repair by host cell 

FINAL PRODUCT 

T r a n s p o s i t i o n  o f  R e t r o t r a n s p o s o n s  

LINE1 
ORF1: RNA binding protein 
ORF2: Endonucelase, Reverse transcriptase 

LINE elements (L1,L2,L3) 
(21% of genome; 800.000 copies) 

LINE: Long interspersed nuclear elements 



R e t r o t r a n s p o s o n s  c a n  c h a n g e  g e n e t i c  
c o n t e x t  



R e t r o - t r a n s p o s i t i o n  m a c h i n e r y  
h i j a c k s  e n d o g e n o u s  m R N A s   

ORF1 protein binds LINE RNA; 
localizes to TTT rich sequences 

ORF2 enonuclease activity 
nicks target sequence 

ORF2 reverse transcriptase 
activity 
 makes reverse transcription 

priming 

mRNA of protein coding gene - spliced 

ORF2 reverse transcriptase 
activity 
makes reverse transcription 

Generation of direct repeats 
in target site 

DNA repair by host cell 

FINAL PRODUCT: PROCESSED PSEUDOGENE 

mRNA protein coding 
gene - spliced 

mRNA protein coding 
gene – spliced (fragment) 

ß 



P s e u d o g e n e  d e r i v e d  R N A s  
c a n  a c q u i r e  n e w  f u n c t i o n s  

+ chromatin 
regulation on 

ancestral gene 

Competing 
endogenouse 
RNA (ceRNA) 

endo-siRNA 
generation 

Nuclear 

Cytoplasm 

Cytoplasm 

Cytoplasm 



PSEUDOGENE BIOTYPES 

Duplicated/Unitary pseudogenes: can bring regulatory sequences, often spliced 
Processed pseudogenes: hitch hike on regulatory elements dispersed throughout 

           throughout the genome 



PSEUDOGENE BIOTYPES 

The majority of pseudogenes are processed pseudogenes: 
Burst of retro-transposition events in recent phase of evolution 



PSEUDOGENE LOCI (duplicated/processed) 
CAN BE USED BY OTHER FUNCTIONAL LOCI  

ca. 10% of tpseudogenes 

1. Pseudogene sequence creates a new alternatively spliced internal exon in the protein coding gene 

2. Pseudogene sequence contributes to the 5’ exon in the protein coding gene 

3. Pseudogene sequence contributes to the 3’ terminal exon of the protein-coding gene 

 Pseudogenes contribute to the evolution of protein coding genes 





GENOMICS STRATEGIES TO IDENTIFY AND CLASSIFY PSEUDOGENES 

- Parent gene/ancestral gene = functional gene with greatest sequence similarity 
- Ancestral gene can be identified for ca. 90% of pseduogenes 
- 10% of pseudogenes are highly degraded and is derived from a parent gene with highly similar paralogs 
Or parent gene contains a commonly found functional domain 
- NOTE: most parental genes have only 1 pseudogene  
- NOTE: some parental genes – mainly housekeeping genes - have MANY pseudogenes: 

- Robosomal protein L21: 143 pseudogenes 
- Gapdh: 68 pseudogenes 

Pseudogene decoration resource 



High CDS conservation 
High 3’UTR conservation 
=high selective constraint 

low CDS conservation 
= low selective constraint 

low 3’UTR conservation 

one pseudogene 

Sequence identity between parental and pseudogenes 
with focus on coding sequence (CDS) and 3’UTR 

Most pseudogenes have 
Similar sequence identity 
between 
CDS and UTR (high: >80%; 
low: <60%) 

small group of pseudogenes 
Have different selective  
Constraint (CDS high/UTR 
low or CDS low/UTR high,…) 
 Mutation in CDS/UTR was 
rejected during evolution 
(= exists a selective 
constraint!!) 
 Higher selective pressure 
to stay with conserved UTR 
or CDS 
  mutations where rejected 
non-randomly 



Evolutionary constraint on pseudogenes 

Conservation of 
sequences 
Human vs. 
chimp,…,…
mouse,…horse 

High  
conservation 

low 
conservation 

PRIMATE 

NOT PRIMATE 



Features of transcribed pseudogenes 
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tissue 
specific expression 

differential expression 
parental/pseudogene 

tissue 
specific expression 

differential expression 
parental/pseudogene 

Peudogenes 
with differential 

expression compared 
To parental genes are 

considered as 
“expressed” 

Pseudogene expression 
levels are LOWER than 
coding gene expression 

2012: ca 9000 pseudogenes: 873 are transcribed according to STRINGENT psiDR parameters (real number is higher) 
Problem: precise analysis of RNA-seq/array data: high sequence similarity pseudogene – parental gene 



The majority of pseudogenes show tissue specific expression 

duplicated/processed 
pseudogenes have 

specific 
regulatory elements!! 

Categories: 
- Expressed in all tissues 
 (10 out of 344 tested pseudogenes) 
- 144/344 pseudogenes expressed in 
  more then 1 tissue 
- 190/344 pseudogenes exclusively 
  expressed in 1 tissue 



Chromatin at transcriptional start sited of transcribed pseudogenes 
is similar to coding genes 

H3K36me3 is enriched 
in transcribed gene bodies 

Frequency of transcription factor 
binding sites enriched in transcribed 

Pseudogenes vs non-transcribed pseudogenes 

Transcribed pseudogenes 
resemble coding genes; however: 
Peaks are not as clear defined = 

average chromatin marks are less concentrated: 
Reason: 

 lower expression 
  expressed pseudogenes do not show marks 

in an uniform manner 



Selective constraint? 

ca 10% 

ca 2% 

Ca. 0.5% 

Data 2012  changes expected with 
New gencode anotation in Dec. 2015 

Real number is probably lower!!! 

Pseudogenes are a diversified group of genetic elements 

 few pseudogenes show consistently active signals across all biological features 
that describe gene activity 

 many pseudogenes show little or no activity  



Transcribed 
DNase hypersensitive sites 
Histonemarks 
Transcription factor 

Pseudogenes are a diversified group of genetic elements 

Transcribed 
DNase hypersensitive sites 
Histonemarks 
Transcription factor 

Transcribed 

DNase hypersensitive sites 
Histonemarks 
Transcription factor 

Pseudogene 
under selective 

constraint 
 maintained 

Pseudogenes 
under low selective 

constraints 
 This stage also involves 
acquisition of new splice 

sites – resembles a stage of 
testing new mutations for 
evolutionary advantage. 

Result: 
A. dying pseudogene or 
B. acquisition of critical 

feature leading to the 
resurrection to become a 
functional pseudogene 



Examples of lncRNAs 

REGULATION OF TRANSLATION BY 
ANTISENSE 
lncRNA Uchl 

-- SINEUP-- 

PSEUDOGENE lncRNAs EXAMPLE 1 

Pseudogene lncRNA that controls embryonic stem cell 
Self-renewal 

A Oct4P4 pseudogene derived lncRNA silences the 
ancestral Oct4 gene in trans 



Ret ro t ransposon  ac t iv i ty  dur ing  deve lopment  



B l a s t o c y s t  c e l l s  c a n  b e  
I s o l a t e d  a n d  c u l t i v a t e d  

Embryonic stem cells 

Differentiation in vitro 

THERAPY 

OCT4 
KLF4 
Nanog 
SOX2 

B l a s t o c y s t  c e l l s  g i v e  r i s e  t o  a l l  
o r g a n s  

a n d  c e l l  t y p e s  

T h e  i n n e r  c e l l  m a s s  o f  t h e  b l a s t o c y s t  a r e  t h e  
s o u r c e  o f  p l u r i p o t e n t  e m b r y o n i c  s t e m  c e l l s  



smooth muscle actin  

beta-tubulin III  

alpha fetoprotein  

Oct4 

O C T 4  e x p r e s s i n g  E S  c e l l s  h a v e  s e l f - r e n e w i n g  a n d   
d i f f e r e n t i a t i o n  p o t e n t i a l  i n  v i t r o  

OCT4 

OCT4 pseudogenes?? 



Nicolaj Strøyer Christophersen, and Kristian Helin J Exp Med 
2010;207:2287-2295 

T h e  s e l f - r e n e w a l  t r a n s c r i p t i o n  f a c t o r  
O c t 4  i s  e s s e n t i a l  f o r  e m b r y o n i c  s t e m  

c e l l  s e l f - r e n e w a l  



OCT4 HIGH  
ES cell 

Ancestors 
(Zygote- 

Bastocyst) 

Human: 
1 ancestral OCT4 
7 processed OCT4 
pseudogenes 

Mouse: 
1 nacestral Oct4 
5 processed OCT4 
pseudogenes 

M o u s e  a n d  h u m a n  c o n t a i n  s e v e r a l  
p r o c e s s e d  O C T 4  p s e u d o g e n e s  



Oligo random Oligo dT 

87% 86% 

100% 100% 
Oct4P2 (CHR 1) 

160 bp 

Oct4P5 (CHR 6) 
84% 84% 

384 bp 155 bp 

OCT4 –  
ANCESTRAL GENE 
CHR 17 

3’UT
R 

5’UTR CDS 

1058 bp 69 bp 226 bp 

85% 86% 
Oct4P3 (CHR 14) 

206 bp 492 bp 

Oct4P4 (CHR X) 
870 bp 194 bp 334 bp 

75% 80% 66% 

200 bp 

75% 

60 
bp 

Oct4P1 (CHR 3)     
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C-TAD POUHD N-TAD POUS 

A n c e s t r a l  O C T 4  g ave  r i s e  t o  5  p r o c e s s e d  p s e u d o g e n e s  
t h a t  a r e  e x p r e s s e d  i n  m E S C s  
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EB T0 EB D3 EB D5 EB D7 Primiray MEF Immortalized MEFs NIH-3T3 

Oct4 
Oct4P1 (-10X) 

Oct4P2 (+9x) 
Oct4P3 (+2x) 
Oct4P4 (+4x; 
Fiborbl. +200x)  

O c t 4  p s e u d o g e n e s  a r e  t i g h t l y  c o n t r o l l e d  d u r i n g  
t h e  d i f f e r e n t i a t i o n  o f  m E S C s  
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O C T 4  p s e u d o g e n e s  a r e  l o c a l i z e d  t o  
n u c e l o p l a s m  o r  cy t o p l a s m  

Oct4P2 
Oct4P4 

Oct4 
Oct4P1 

nucleus 
cytoplasm 



0 

20 

40 

60 

80 

100 

GAPDH 
0 

20 

40 

60 

80 

100 

OCT4 

0 

20 

40 

60 

80 

100 

CHR 1 

0 

20 

40 

60 

80 

100 

CHR 3 

0 

20 

40 

60 

80 

100 

CHR 6 

0 

20 

40 

60 

80 

100 

CHR 14 
0 

20 

40 

60 

80 

100 

CHR X 

CYTOPLASM NUCLEO 

Gapdh Oct4 Oct4P1 Oct4P2 Oct4P3 Oct4P4 Oct4P5 

O C T 4  p s e u d o g e n e s  a r e  l o c a l i z e d  t o  
n u c e l o p l a s m  o r  cy t o p l a s m  

Oct4P2 
Oct4P4 

Oct4 
Oct4P1 

nucleus 
cytoplasm 



N u c l e a r  O C T 4 P 4  p r o m o t e s  m E S C  d i f f e r e n t i a t i o n  

Oct4P4 Oct4 

Self-renewal genes Differentiation genes 



5 ’  a n d  3 ’  U T R  h o m o l g y  d o m a i n s  a r e  r e q u i r e d  
t o  r e p r e s s  s e l f - r e n e w a l  m a r k e r  g e n e s   

Self-renewal genes 



O c t 4 P 4  i n t e r f e r e s  w i t h  t h e  a n c e s t r a l   
O c t 4  p r o m o t e r  

Renilla luciferase 



3’UTR 5’UTR CDS 
C-
TAD 

POUHD N-TAD POUS 

Oct4P4 
CHR X 

ERVL- 
MaLR 

Oct4 
CHR 8 

Oct4P4 
MS2-
flag 

MS2-
flag 

MS2-
flag 

24xMS2 
stemloop 

anti-
flag ChIP RIP 

Oct4P4 

Oct4 

A  m o d e l  s y s t e m  t o  s t u d y  O c t 4 P 4  l n c R N A  
l o c a l i z a t i o n  

M S 2  s t e m  l o o p  t a g g e d  O c t 4 P 4  c o - e x p r e s s e d  
w i t h  fl a g - M S 2  

RNA immunoprecipitation anti-flag then RT-PCR for Oct4P4 lncRNA 



3’UTR 5’UTR CDS 
C-
TAD 

POUHD N-TAD POUS 

Oct4P4 
CHR X 

ERVL- 
MaLR 

Oct4 
CHR 8 

Oct4P4 
MS2-
flag 

MS2-
flag 

MS2-
flag 

24xMS2 
stemloop 

anti-
flag ChIP RIP 

Oct4P4 

Oct4 

A  m o d e l  s y s t e m  t o  s t u d y  O c t 4 P 4  l n c R N A  
l o c a l i z a t i o n  

O c t 4 P 4 - M S 2  l n c R N A  l o c a l i z e s  t o  O c t 4  p r o m o t e r  

ChIP using anti-flag then use the immuno-precipitate to detect the  
Oct4P4 promoter by PCR 



O c t 4 P 4 - M S 2  d i r e c t s  S u v 3 9 h 1  t o  O c t 4  p r o m o t e r  

ChIP using specific antibodies then use the immuno-precipitate to detect the  
Oct4P4 promoter by PCR 



O c t 4 P 4 - M S 2  d i r e c t l y  i n t e r a c t s  w i t h  S u v 3 9 h 1  

RNA immunoprecipitation using anti-SUV39h1; 

RT-PCR for Oct4P4 lncRNA Western for MS2-flag 

ChIP using specific antibodies then use the 
immuno-precipitate to detect the  

Oct4P4 promoter by PCR 



O c t 4 P 4 - M S 2  r e c r u i t s  S u v 3 9 h 1  
T o  d i r e c t  s i l e n c i n g  o f  t h e  O c t 4  p r o m t e r  

R E V E R S I B I L I T Y ? ? ?  



OCT4P 

iP 

iPS cells 
    =induced pluripotent cells 

INDUCING PLURIPOTENCY IN ADULT CELLS 

Allotherapy/Cell therapy 

DIFFERENTIATED 

UNDIFFERENTIATED 
(SELF-RENEWAL) 

INDUCE CELL 
LINES SPECIFIC 

DIFFERENTIATION 

Oct4P4 



O c t 4 P 4  d e p l e t i o n  i n  p M E F s  c a u s e s  
t h e  r e - a c q u i s i t i o n  o f  s e l f - r e n e w a l  f e a t u r e s  



O c t 4 P 4  d e p l e t i o n  i n  p M E F s  c a u s e s  
t h e  r e - a c q u i s i t i o n  o f  s e l f - r e n e w a l  f e a t u r e s  



Oct4P4 
upregulation 

Oct4P4 knock-down 
 Partial reprogramming 

Scarola et al.  Under review in Nat. Comm 

Oct4 

ON 

CR CR CR 

SUV39H1 

CHR17 

ES cell 

- Self-renewal TFs 
- hTERT/long telomeres 

Oct4 
Oct4P4 

Oct4 

OFF 

CR CR CR 

SUV39H1 

Oct4P4 

HP1 HP1 HP1 

me me me 

me H3K9me3 

CHR 17 

Differentiated 

- no self-renewal TFs 
- No hTERT/short telomeres 

Oct4 

Oct4P4 

Oct4 pseudogene lncRNA silences ancestral gene 

HMTase 

P s e u d o g e n e s  c o n t r o l  t h e  e p i g e n e t i c  
s t a t u s  o f  a n c e s t r a l  g e n e s  



Silencng in ta 

+ chromatin 
Regulation on 
ancestral gene 

Competing 
endogenouse 
RNA (ceRNA) 

endo-siRNA 
generation 

Nuclear 

Cytoplasm 

Cytoplasm 

Cytoplasm 

Nuclear 

Silencing in trans 

Pseudogene lncRNA 
“homing”   

Gene silencing 
of ancestral gene 

Pseudogenes  a re  power fu l  regu la tor s  o f  gene  expres s ion  


