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Muchos genes, pocas funciones

Genómica funcional

“desarrollo y aplicación de aproximaciones 
experimentales para examinar la función de genes utilizando la 
información proporcionada por la genómica estructural”.

“estudio de todos los genes expresados por una 
célula o grupo de ellas y los cambios en su expresión bajo 
diferentes condiciones”.



¿¿PorPor ququéé necesitamosnecesitamos gengenóómica mica funcionalfuncional??



200020001010--2020~30,000?~30,000?humanhuman
200220021010--2020~30,000?~30,000?mousemouse
20002000404025,00025,000ArabadopsisArabadopsis
1999199925251212--14K14KDrosophilaDrosophila

19981998404019,00019,000C. C. eleganselegans
1996199640406,6006,600yeastyeast
19971997606042884288E. coliE. coli

AAñño de termino o de termino 
de la secuencia de la secuencia 

gengenóómicamica

% genes con % genes con 
funcifuncióónn inferidainferida# genes# genesOrganismoOrganismo

¿¿PorPor ququéé necesitamosnecesitamos gengenóómica mica funcionalfuncional??



ExpresiExpresióónn diferencialdiferencial de genesde genes

Serial analysis of gene expression (SAGE)Serial analysis of gene expression (SAGE)
Suppression subtractive hybridization (SSH)Suppression subtractive hybridization (SSH)
Micro/Micro/MacroarraysMacroarrays

FunciFuncióónn de genesde genes

RNA interference (RNA interference (RNAiRNAi))

MMéétodostodos de la gende la genóómica mica funcionalfuncional



Principio: Una secuencia de nuclePrincipio: Una secuencia de nucleóótidos corta (tidos corta (tagtag) ) 
de 9 de 9 óó 10 pares de bases contiene suficiente 10 pares de bases contiene suficiente 
informaciinformacióón para identificar un n para identificar un transcritotranscrito
MMéétodo para cuantificar niveles de expresitodo para cuantificar niveles de expresióón gn géénica nica 
en muestras de cen muestras de céélulas.lulas.
Puede revelar sin sesgo los niveles de expresiPuede revelar sin sesgo los niveles de expresióón de n de 
cientos de miles de genes. Sistema abierto.cientos de miles de genes. Sistema abierto.
Los Los microarraysmicroarrays constituyen un sistema cerrado, sconstituyen un sistema cerrado, sóólo lo 
revelan la expresirevelan la expresióón de los genes sembrados en el n de los genes sembrados en el 
arrayarray..

Velculescu et al., Science 1995; 270:484-487

Serial Analysis of Gene Expression (SAGE)Serial Analysis of Gene Expression (SAGE)



SAGESAGE
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TTTTTTTds cDNA
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cleave with AE, concatenate, clone, sequence, BLAST

Enzyme cuts 16 bp in 
the 3' direction from its
recognition site, thus
adding the "Tag" 
sequence to the linkers

SAGESAGE



Análisis de datos:
- Frecuencia de cada tag
- Alineamiento con secuencias 
en bases de datos

SAGESAGE



Locate the punctuation Locate the punctuation ““CATGCATG””
Extract Extract ditagsditags of length 20of length 20--26 between the punctuation26 between the punctuation
Discard duplicate Discard duplicate ditagsditags (including in reverse direction) (including in reverse direction) -- probably probably 
PCR artifactsPCR artifacts
Count occurrences of each tagCount occurrences of each tag

TAG COUNT TAG COUNT TAG COUNT
CCCATCGTCC 1286 CACTACTCAC 245 TTCACTGTGA 150
CCTCCAGCTA 715 ACTAACACCC 229 ACGCAGGGAG 142
CTAAGACTTC 559 AGCCCTACAA 222 TGCTCCTACC 140
GCCCAGGTCA 519 ACTTTTTCAA 217 CAAACCATCC 140
CACCTAATTG 469 GCCGGGTGGG 207 CCCCCTGGAT 136
CCTGTAATCC 448 GACATCAAGT 198 ATTGGAGTGC 136
TTCATACACC 400 ATCGTGGCGG 193 GCAGGGCCTC 128
ACATTGGGTG 377 GACCCAAGAT 190 CCGCTGCACT 127
GTGAAACCCC 359 GTGAAACCCT 188 GGAAAACAGA 119
CCACTGCACT 359 CTGGCCCTCG 186 TCACCGGTCA 118
TGATTTCACT 358 GCTTTATTTG 185 GTGCACTGAG 118
ACCCTTGGCC 344 CTAGCCTCAC 172 CCTCAGGATA 114
ATTTGAGAAG 320 GCGAAACCCT 167 CTCATAAGGA 113
GTGACCACGG 294 AAAACATTCT 161 ATCATGGGGA 110



SAGE library statistics

Effect of active smoking on the human bronchial epithelium transcriptome. 
Chari et al. BMC Genomics, 8:297, 2007.

• Background
Lung cancer is the most common cause of cancer-related deaths. Tobacco smoke exposure is the
strongest aetiological factor associated with lung cancer. In this study, using serial analysis of
gene expression (SAGE), we comprehensively examined the effect of active smoking by comparing
the transcriptomes of clinical specimens obtained from current, former and never smokers, and
identified genes showing both reversible and irreversible expression changes upon smoking
cessation.



(A) Cluster analysis of current, former and never
smokers: Single link hierarchical clustering
using 609 SAGE tags representing tags
differentially expressed between current and
never smokers. Distance measure used was a 
Euclidean distance. Green rectangles represent
samples with lower expression for the particular 
gene amongst the samples, and red rectangles
represent samples where the gene is highly
expressed relative to other samples. (B) Principal 
component analysis of current, former and never
smokers. Current smokers are represented in 
red, former smokers are represented in blue and
never smokers are represented in green.

B



Conclusion

• This study represents the largest human SAGE study reported to date. 
Over three million SAGE tags were sequenced, representing over 110 
thousand potentially unique transcripts expressed within the bronchial
epithelium relative to cigarette smoke exposure. 
• Based on the gene expression profiles of 24 current, former and never
smokers, we identified both reversible and irreversible gene expression
changes upon smoking cessation. 
• Amongst those genes reversibly expressed, three main functions were
identified: xenobiotic metabolism, nucleotide metabolism, and mucus 
secretion. 
• Amongst those genes reversibly expressed, three main functions were
identified: cell cycle process and DNA repair.
• By comprehensively identifying gene expression changes that are 
reversible upon smoking cessation, we have introduced genes which
may be investigated for polymorphisms, as those genes which are not
sufficiently induced in response to smoking may identify candidate loci
of susceptibility.
• Similarly, those genes and functions which do not revert to normal 
levels upon smoking cessation may also provide insight into why
former smokers still maintain a risk of developing lung cancer.



Identificación simultánea de múltiples genes y 
perfiles de expresión.

No requiere del conocimiento previo de la 
secuencia.

Utiliza herramientas comunes de la biología
molecular.

Cuantitativo

Ventajas

Serial analysis of gene expression Serial analysis of gene expression 



HibridaciHibridacióónn SustractivaSustractiva porpor SupresiSupresióónn
(SSH)(SSH)

RNA experimental
(tester)

RNA control
(driver)

cDNA cDNA

Transcripción reversa

Digestión
Adición de adaptadores
Desnaturación y mezcla

cDNA sustraído

Amplificado, clonado, secuenciado



PreparaciPreparacióón de n de cDNAscDNAs, digesti, digestióón con n con RsaRsa I, I, 
ligaciligacióón con distintos adaptadores (1, 2R)n con distintos adaptadores (1, 2R)

Primera hibridaciPrimera hibridacióónn

Segunda hibridaciSegunda hibridacióónn

a
b
c

d

a
b
c

d

a, b, c, d  + e

Completar los extremos (75 Completar los extremos (75 ººC)C)

AmplificaciAmplificacióón por n por 
PCR con PCR con primersprimers

++

a, d: no amplificana, d: no amplifican
b: b: supresisupresióón por PCRn por PCR

c:  amplificacic:  amplificacióón linealn lineal
e: amplificacie: amplificacióón exponencialn exponencial

TesterTester (1)(1) TesterTester (2R)(2R)
DriverDriver

En este paso ocurre la normalizaciEn este paso ocurre la normalizacióón de cada n de cada 
poblacipoblacióón de n de testertester, gracias a la formaci, gracias a la formacióón de los n de los 
respectivos hrespectivos hííbridosbridos

(Con exceso de (Con exceso de driverdriver, y sin , y sin desnaturardesnaturar))

a
b
c

d
e

Con exceso de Con exceso de driverdriver

HibridaciHibridacióónn SustractivaSustractiva porpor SupresiSupresióónnHibridación Sustractiva por Supresión



cDNAs sustraídos

Clonamiento

Genoteca de 
sustracción

Purificación

Sondas marcadas

Secuenciación Hibridación en 
membranas

HibridaciHibridacióónn SustractivaSustractiva porpor SupresiSupresióónn



Permite enriquecer en secuencias poco comunes

Requiere 1-2 μg de mRNA
No genera cDNAs de largo completo

Ventajas

Desventajas

HibridaciHibridacióónn SustractivaSustractiva porpor SupresiSupresióónn



mRNA was prepared from hepatoma (T) and
non-hepatoma liver tissues (N). Subjected to
(1) SSH followed by using the resulted
subtracted cDNAs as targets for cDNA
microarray analysis and (2) conventional cDNA
microarray analysis. SSH was performed in 
both the forward (T as tester) and reverse (N as 
tester) direction to enrich up-regulated (T-N 
amplicon) as well as down-regulated
transcriptomes (N-T amplicon). The two
subtracted amplicons were labeled with
fluorescent cy-dyes as targets for microarray
analysis. The results thus obtained were then
compared to those obtained from the
conventional cDNA microarray assays. 

Human 15 K chip, 12,530 distinct genes 

Differentially profiling the low-expression transcriptomes of human hepatoma
using a novel SSH/microarray approach. Pan et al. BMC Genomics 7:131, 2006

HibridaciHibridacióónn SustractivaSustractiva porpor SupresiSupresióónn



SuperabundantSuperabundant
1515--90% of mRNA mass90% of mRNA mass
<10 structural gene transcripts<10 structural gene transcripts
>5000 molecules per cell per sequence>5000 molecules per cell per sequence

AbundantAbundant
5050--75% of mRNA mass75% of mRNA mass
~200~200--1000 structural gene transcripts (5% of 1000 structural gene transcripts (5% of 
diversity)diversity)
500500--2500 molecules per cell per sequence2500 molecules per cell per sequence

Rare/complexRare/complex
<25% of mRNA mass; individual seqs <0.01%<25% of mRNA mass; individual seqs <0.01%
95% of mRNA diversity95% of mRNA diversity
11--10 molecules per cell per sequence10 molecules per cell per sequence



DiatchenkoDiatchenko y cols., 1996; y cols., 1996; pudieronpudieron enriquecerenriquecer en en 
10001000--5000 5000 vecesveces transcritostranscritos pocopoco abundantesabundantes en la en la 
muestramuestra. . 
Un factor Un factor crcrííticotico eses la la concentraciconcentracióónn relativarelativa de un de un 
transcritotranscrito en en laslas poblacionespoblaciones de tester y driver de tester y driver 
Un Un enriquecimientoenriquecimiento efectivoefectivo ocurreocurre cuandocuando::

El El transcritotranscrito estestáá presentepresente > 0.01%> 0.01%

EficienciaEficiencia de la de la HibridaciHibridacióónn SustractivaSustractiva porpor
SupresiSupresióónn



• Permiten demostrar una relación causal entre la función de un gen y la 
mantención o modulación de un fenotipo.
• Se consigue a través de una disminución (knockdown) o una 
eliminación (knockout) de la función génica.

AnAnáálisislisis funcionalesfuncionales

Fenotipos por perdida de función

Genes mRNA Proteínas

Knockouts Antisense
RNA interferentes 

(RNAi)

Dominantes negativos
Anticuerpos



RNA interference (RNA interference (RNAiRNAi))



RNA RNA interferenceinterference ((RNAiRNAi))

• Inhibición de la expresión de genes específicos 
mediada por RNAs de doble hebra (dsRNAs).

• Este mecanismo reconoce dsRNAs como señales 
para gatillar la degradación de su mRNA homólogo. 

• Evolutivamente conservado entre los eucariontes.

• Probablemente este mecanismo ha evolucionado 
para inmovilizar elementos de transposición e inhibir  
RNAs exógenos (virus).



Potent and specific genetic
interference by double-

stranded RNA in 
Caenorhabditis elegans
Andrew Fire, SiQun Xu, Mary K. 

Montgomery, Steven A. Kostas, Samuel 
E. Driver & Craig C. Mello

Nature 391:806-811, 1998



RNAi en una cepa de C. elegans que expresa el reportero GFP



a) Control negativo, sin tinción
b) Wild type, hibridación in situ
c) Wild type + anti-sense mex-

3B RNA
d) Wild type + dsRNA mex-3B.

dsRNAdsRNA causacausa unauna interferenciainterferencia potentepotente y y especespecííficafica
dsRNAdsRNA eses significativamentesignificativamente mmááss efectivoefectivo queque el el antisenseantisense

Efecto del RNAi sobre los niveles del mRNA endógeno de mex-3B



Iniciación
– dsRNA es digerido para formar 21-23 nt small

interfering RNAs (siRNAs)  con la ayuda de una 
endonucleasa (Dicer).

Activación
– siRNAs son incorporados en un complejo 

proteico, RNA-induced silencing complex
(RISC).

– siRNA sirve de guía a RISC para el 
reconocimiento y le ruptura del mRNA
complementario.

RNA interferente (RNA interferente (RNAiRNAi))
EtapasEtapas



Mecanismo propuesto

La endonucleasa Dicer rompe el 
dsRNA para generar fragmentos de 
∼22 nt.
Requiere ATP
Miembro de la familia de Rnase III

Los siRNAs son incorporados en el 
complejo RISC.
Los siRNAs son desenrollados en 
una reacción dependiente de ATP.

Esto activa a RISC*, el cual utiliza a 
los siRNAs como guías para la 
selección del sustrato. 



RNARNA--inducedinduced silencingsilencing complexcomplex (RISC)(RISC)

Reconoce y destruye los mRNAs blanco

Compuesto de:
• siRNA: Identifica los sustratos mediante apareamiento de 
bases.
• Endonucleasa: Dicer
• Exonucleasa: Slicer
• Proteínas Argonaute: Muy conservadas presentan dos 
dominios estructurales PAZ (Piwi/Argonaute/Zwille) y Piwi en 
el C-terminal. Necesarias para ensamblar el complejo.



In plants, silencing can be triggered, for example, by engineered RNA viruses or by inverted repeat transgenes. In 
worms, silencing can be triggered by injection or feeding of dsRNA. In both of these systems, silencing is 
systemic and spreads throughout the organism. a, A silencing signal moves from the veins into leaf tissue. Green 
is green fluorescent protein (GFP) fluorescence and red is chlorophyll fluorescence that is seen upon silencing of 
the GFP transgene. b, C. elegans engineered to express GFP in nuclei. Animals on the right have been treated 
with a control dsRNA, whereas those on the left have been exposed to GFP dsRNA. Some neuronal nuclei 
remain florescent, correlating with low expression of a protein required for systemic RNAi. c, HeLa cells treated 
with an ORC6 siRNA and stained for tubulin (green) and DNA (red). Depletion of ORC6 results in accumulation of 
multinucleated cells. Stable silencing can also be induced by expression of dsRNA as hairpins or snap-back 
RNAs. d, Adult Drosophila express a hairpin homologous to the white gene (left), which results in unpigmented
eyes compared with wild type (right).



Fig 1 Natural mechanism of RNA interference. The appearance of double stranded (ds) RNA within a cell—for 
example, as a result of viral infection—triggers an RNA interference response. The cellular enzyme dicer binds to 
the dsRNA and cuts it into short pieces of 20 or so nucleotide pairs in length known as small interfering RNAs or 
siRNAs. These bind to a cellular enzyme complex RISC (RNA induced silencing complex) that uses one strand of 
the siRNA to bind to single stranded RNA molecules such as mRNA of complementary sequence. RISC then 
degrades the mRNA, thus silencing expression of the viral gene. In mammals, other antiviral responses to dsRNA
also exist 



PropiedadesPropiedades

Amplificación: RNA-directed RNA polymerase (RdRP)

RdRP se encuentra presente en:

Tomate RdRP
Arabidopsis SDE1/SGS2
Neurospora QDE-1
C.elegans línea germinal EGO-1

soma – RRF-1/RDE-9
Drosophila RdRP

RNA interferente (RNA interferente (RNAiRNAi))



Amplificación: RNA-directed RNA polymerase (RdRP)

(A) Al iniciarse el RNAi, una pequeña 
cantidad de dsRNA es procesado a 
siRNA, el cual es utilizado por la 
RdRP como partidor.
(B) La reacción de la  RdRP genera 
nuevos dsRNAs a partir del mRNA
blanco, los que a su vez son 
procesados para producir nuevos 
siRNAs generando un ciclo de RNAi.



La polaridad determinada por la reacción de 
amplificación de la RdRP predice que:
• El dsRNA sintetizado puede extenderse 
más allá de la secuencia complementaria del 
dsRNA inicial, inhibiendo regiones 5` del 
mRNA blanco.
• Una nueva población de dsRNAs
secundarios puede generarse a partir de la 
amplificación del dsRNA.

Transitividad

PropiedadesPropiedades
RNA interferente (RNA interferente (RNAiRNAi))



siRNAs secundarios, generados a partir de la amplificación del dsRNA
(naranja) y la extensión hacia la región 5`del blanco primario (azul) mediada 
por la RdRP, pueden promover la transitividad de la interferencia afectando
secuencias homólogas (A) o mensajeros generados por procesamiento 
alternativo (B).

Transitividad



Durante la transitividad del RNAi en 
C. elegans, el silenciamiento viaja 
en dirección  3' a 5' sobre el mRNA
blanco. La demostración más 
simple proviene de la creación de 
transcritos fusionados:

A) El transcrito de GFP fusionado al 
extremo 3' del transcrito de UNC-22. 
dsRNA de GFP eliminan la 
fluorescencia pero generan un 
fenotipo inesperado. Esto ocurre 
debido a la generación de siRNAs
homólogos para el transcrito
endógeno del gene UNC-22 
(miosina). 

B) El transcrito de GFP fusionado al 
extremo 5' de UNC-22. Los dsRNA
para GFP eliminan la fluorescencia 
pero no generan el fenotipo 
alterado.

A B Transitividad



RNA interference (RNAi)

En células de mamíferos

A System for Stable Expression of Short Interfering
RNAs in Mammalian Cells

Thijn R. Brummelkamp, Rene Bernards, Reuven Agami

Science 296:550-553, 2002



The DNA vector-based RNA interference (RNAi) technology. (a) Generation of a hairpin siRNA directed by a Pol
III promoter. An inverted repeat is inserted at the +1 position of the U6 promoter (-351 to +1). The individual motif
is 19–29 nt, corresponding to the coding region of the gene of interest. The two motifs that form the inverted
repeat are separated by a spacer of three to nine nt. The transcriptional termination signal of five Ts are added at
the 3' end of the inverted repeat. The resulting RNA is predicted to fold back to form a hairpin dsRNA as shown. 
The resulting siRNA starts with either a G or an A at the 5' end, dependent on the promoter used (U6 or H1) and
ends with one to four uridines, forming a 3' overhang that is not complementary to the target sequences. (b) 
Generation of two complementary siRNA strands synthesized by two U6 promoters. Two U6 promoters either
placed in tandem or on two separate plasmids (not shown) direct transcription of a sense and an antisense
strand of 19-nt RNAs. The two RNA strands are predicted to form a duplex siRNA in the transfected cells, with 3' 
overhangs of one to four uridines.



(A) Immunofluorescence using antibodies
against p53 (green) and against actin, as a 
control (red). (B) Immunoblot analysis for
p53 and control (CDK4). (C) Stable clones 
for pSUPER and pSUPER-p53 after 2 months
in culture (lanes 2 and 3) and transiently
transfected cells with 1 µg pSUPER-p53 after
48 hours (lane 1) were analyzed for p53-
specific siRNAs expression. Blots were
probed with a 32P-labeled sense p53 19-nt
probe corresponding to the targeting
sequence. 

Co-transfectadas con pSuper-dsRNA-p53 + pBabe-puro

Verde: p53 Rojo: actina

Western blot

1      2      3



Strategies to introduce siRNA in cells. Dicer can cleave exogenously introduced substrates. 
Hairpin RNA that can be introduced directly into the cells or can be produced by transcription
from plasmid or viral vectors. An RNAi response can also be generated by introducing in vitro
synthesized siRNAs or by expressing individual sense and antisense strands of the siRNA
from a vector containing tandem promoters

Dykxhoorn & Lieberman. 2005. The silent revolution: RNA Interference as Basic 
Biology, Research Tool, and therapeutic. Annu. Rev. Med. 56:401-423.



Representation of a typical shRNA viral based vector system. Shown here are two
expression cassettes, one with a U6 promoter for the expression of the shRNA and a GFP 
cassette to mediate reporter gene expression. puc ori-origin of replication ; F1 ori —
origin of replication; ampR — ampicillin resistance gene for bacterial selection ; purR —
puromycin resistance for mammalian selection 3′LTR — left terminal repeats; 5′LTR —
left terminal repeats.



Lentiviral vectors are used to deliver therapeutic, short hairpin RNA (shRNA)-expressing transgenes
that integrate into the genome for stable shRNA expression. Adenoviral and adeno-associated virus 
(AAV) vectors fail to integrate their transgenes into the genome but instead express shRNAs
episomally for moderately stable levels of shRNA expression. RISC, RNA-induced silencing complex



Genomic RNAi screens in mammalian cells. 

Dykxhoorn & Lieberman. 2005. The silent revolution: RNA Interference as Basic 
Biology, Research Tool, and therapeutic. Annu. Rev. Med. 56:401-423.



El El RNAiRNAi es una poderosa herramienta que puede aplicarse con fines es una poderosa herramienta que puede aplicarse con fines 
terapterapééuticos, debido principalmente a dos hechos: uticos, debido principalmente a dos hechos: 
•• Todas las cTodas las céélulas contienen la maquinaria necesaria para poner en lulas contienen la maquinaria necesaria para poner en 
marcha los procesos mediados por el marcha los procesos mediados por el RNAiRNAi. . 
•• Todos los genes son potenciales blancos. Todos los genes son potenciales blancos. 



Strategies for in vivo RNAi. (a) Transgenic 
shRNA-mediated knockdown mice. The 
transduced embryonic stem cells or 
embryos can be implanted into 
pseudopregnant female mice; progeny will 
express the shRNA and silence the gene of 
interest. (b) Reconstitution of the mouse 
hematopoietic system with shRNA-
expressing stem cells. (c) The injection of 
viral constructs into the central nervous 
system of mice can lead to localized gene 
silencing. For example, the intracerebellar
injection of adeno-associated viruses 
expressing shRNAs against ataxin-1 led to 
a loss of inclusion body formation and 
improved motor coordination (112). (d) The 
hydrodynamic (high-pressure, high-
volume, rapid) injection of siRNAs into the 
tail vein of mice leads to the uptake 
("hydroporation") of siRNAs into a variety 
of tissues including the liver, pancreas, 
lung, and spleen (99).

Dykxhoorn & Lieberman. 2005. The silent revolution: RNA Interference as Basic 
Biology, Research Tool, and therapeutic. Annu. Rev. Med. 56:401-423.



A schematic summary of several different methods of siRNA delivery in vivo leading to silencing of the target
gene within the cell, These include: Hydrodynamic tail vein injection of mice by which modified siRNAs are 
delivered; Viral shRNA vectors, with stable integration into the genome and the production of siRNAs; 
Lipofection of plasmid shRNA vectors which are then maintained as episomal elements for the production of
siRNAs. Each of these methods could independently bring about silencing. 



Delivery of small interfering RNAs. 



Kim and Rossi Nature Reviews Genetics 8, 173–184 (March 2007) | doi:10.1038/nrg2006



Uprichard, SL. 2005. The therapeutic potential of RNA interference. 
FEBS Letters 579:5996-6007.



Uprichard, SL. 2005. The therapeutic potential of RNA interference. 
FEBS Letters 579:5996-6007.







Summary points

RNA interference is an ancient natural antiviral mechanism that directs
silencing of gene expression in a sequence specific manner

RNA interference can be exploited artificially to inhibit the expression of
any gene of interest

The principal systems for achieving RNA interference are short synthetic
double stranded RNA molecules and gene expression vectors that direct
their production in the cell

Libraries of RNA interference molecules have been constructed that
allow the analysis of gene function on a genome-wide scale

RNA interference systems could be used clinically to suppress gene 
expression as a therapeutic strategy in many diseases characterised by 
elevated gene function


