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Sequence-specific gene silencing triggered by double-stranded RNA (dsRNA) 
is a fundamental gene regulatory mechanism present in almost all eukaryotes. 
Gene silencing mediated by dsRNA has been shown to act at the 
transcriptional and post-transcriptional level. Naturally produced dsRNAs may 
derive from several different sources. Molecules of dsRNA may emerge during 
viral infection and replication or after transposition of mobile genetic elements. 
Transcribed pseudogenes, endogenous repetitive gene loci or microRNA genes 
represent other endogenous sources of dsRNA.
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It is of significant interest to characterize the small regulatory RNAs of an 
organism at a cellular level. Cloning and sequencing of the small RNAs
from cultured cells or tissues is the most straightforward approach. The 
small RNAs are directionally cloned after isolation from total RNA. The 
methods rely on T4 RNA ligase-based joining of adapter oligonucleotides to 
the 3' and 5' termini of the pool of small RNAs. The ligation products are 
reverse transcribed and PCR-amplified. It is recommended to directionally 
concatamerize the relatively short PCR products before cloning in order to 
increase the number of RNA sequences obtained per clone.

SW13 Huh-7.5 HeLa-T4+ BL-41

Type - YFV - HCV - HIV-1 - EBV

ncRNAs 31.6 31.2 65.4 85.4 62.4 72.0 46.7 52.4

miRNA 55.8 57.3 21.8 4.4 25.2 16.9 44.4 33.9

Repeat 2.7 2.4 5.3 3.6 1.6 1.8 1.6 1.0

mRNA 4.5 4.1 4.2 3.5 4.9 4.8 4.1 5.4

Viral 0 0.29 0 0 0 0.13 0 4.2

Not annotated. 2.9 3.4 2.2 2.0 2.2 1.7 2.3 2.2

Not matched. 2.6 1.3 1.2 1.1 3.7 2.7 1.0 0.9

(No. seq.) (1255) (1364) (1631) (1318) (900) (1540) (2216) (1930)

Small RNA profiling of virus-infected human cells

Pfeffer

Rice Ho GrässerRiceCollaborator:
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RNA silencing mediated by double-stranded RNA (dsRNA) is part of an 
innate immune response against RNA viruses and transposable elements. 
Counter defense strategies to thwart the host response were found in plant 
viruses as well as in the insect Flock House virus. Although those viruses 
express inhibitor proteins targeting the host cell RNA silencing machinery, 
virus-specific siRNAs are still detectable. Viral inhibition of the endogenous 
RNA silencing machinery has been shown to be indirectly associated with 
the interference of miRNA processing or function. Human viruses appear to 
escape RNA silencing but the mechanism of escape is not understood. 

We therefore examined human cells infected with several 
pathogenic viruses that pose significant health problems. The small RNA 
profile, which is a signature of RNA silencing processes, was recorded 
before and after infection of human cells with two positive strand RNA 
viruses (hepatitis C virus and yellow fever virus), a retrovirus (human 
immunodeficiency virus 1), and a large DNA virus (Epstein-Barr virus). 
Neither RNA viruses nor retrovirus appear to be subject to RNA silencing 
by the host, as they neither elicited production of siRNAs nor repressed 
dsRNA-guided regulation. The large DNA virus, in contrast, expresses its 
own microRNA genes and likely uses the RNA silencing machinery to its 
advantage to modulate host and viral gene expression.

Pfeffer
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Predicted fold-back precursors of the 5 EBV miRNAs. The mature miRNA
is highlighted in red.
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Genomic positions and secondary structures of EBV miRNAs. Diagram of 
the miRNA containing segments of the EBV genome. Latent genes are 
indicated with white boxes, lytic genes with black boxes, previously known 
non-coding RNAs with blue and newly identified miRNAs with red. 
Promoters active at latent stages (I, II, or III) are illustrated as white 
pennants, those active at lytic stage as black pennants, and those active at all 
stages as gray pennants. The intronic segments within the BARTs region are 
indicated as dashed lines, the exonic segments with bold bars.

Pfeffer
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Expression profile of EBV miRNAs. (left panel) Northern blots for EBV 
miRNAs using total RNA isolated from uninfected BL-41 (-) and EBV-
infected BL41/95 (+) cells. The expression of human miR-16 (Table S1) 
was also examined for reference. The position of migration of the mature 
miRNAs (miR) and its fold-back precursors (miR-L) are indicated. Equal 
loading of the gel before transfer to the membrane was monitored by 
ethidium bromide staining of the tRNA band. (right panel) Northern blots 
for EBV miRNAs using total RNA isolated from various Hodgkin and 
Burkitt lymphoma cell lines. The latency stage for EBV positive lines is 
indicated in parentheses. The numbers below the miR signals indicate 
relative signal intensity with respect to BL41/95 signals after normalizing 
for gel loading using the U6 snRNA signal. The red circles indicate 
miRNA expression that was dependent on the latency stage of the virus.
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Schematic representation of miR-BART2-guided cleavage of BALF5 
mRNA. Lytic genes are shown as black boxes and genes for which the 
expression has not been characterized are indicated in gray (GenBank
entry V01555). The miR-BART2 sequence is aligned relative to the 
nucleotide sequence and the identified processing site of the BALF5 
mRNA. The prediction position of BALF5 mRNA cleavage coincides 
with the mapped terminus of the 3.7 kb processed form.

Pfeffer
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B-cell specific miRNA 146 and 155 appears to be upregulated in cells 
latently infected with EBV. This finding is supported by Northern blotting 
as well as cloning frequency for these miRNAs.

Do EBV miRNAs modulate the host cell?
EBV miRNA Gene ID Proposed function NS Human miRNAa

Apoptosis, cell proliferation
BART1, BHRF1-2 BCL2 Apoptosis regulator Bcl-2 3, 1 miR-217, miR-140
BHRF1-1 P53 Tumor suppressor P53 2
BHRF1-1 E2F1 Retinoblastoma Binding protein 3, Transcription factor E2F-1 2 miR-20, miR-106

Transcription regulation
BART1 HIC2 Hypermethylated in Cancer 2 Protein 2
BART1 ZNF177 Zinc Finger protein 177 4
BART2 UBN1 Ubinuclein 1 3
BHRF1-1 CBFA2T2 Myeloid Translocation gene -related protein 1 3 miR-301
BHRF1-3 NSEP1 Y Box Binding protein 1 miR-95, miR-216,

miR-136
BHRF1-3, BART2 TGIF 5'-TG-3' Interacting factor, Homeobox protein TGIF 1, 1 miR-194

Immune response
BART2 LRBA Lipopolysaccharide-responsive and beige like protein, BCL8

homolog
4 miR-15a, miR-146,

miR-29a
BHRF1-1 LILRB5 Leukocyte immunoglobulin receptor, subfamily B, member 5 2
BHRF1-3 PRF1 Perforin 1 precursor 1

Signal transduction
BART1 CXCL12 Stromal cell derived factor 1 precursor, Pre-B growth

stimulating factor
3 miR-106, miR-135,

miR-197
BART2 GAB2 GRB2-Associated Binding Protein 2 4 miR-155
BART2 TNFRSF1A Tumor Necrosis Factor Receptor Superfamily member 1A 2
BHRF1-2 PIK3R1 Phosphatidylinositol 3-kinase regulatory Alpha Subunit 1 let-7b
BHRF1-2, BART2 B7RP-1 B7 homolog, ICOS ligand precursor 1, 3 miR-155
BHRF1-3 CXCL11 Small inducible cytokine B11 precursor, I-TAC 3

Enright, John, Marks, Sander
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Prediction of EBV miRNA targets. B-cell specific miRNA that are 
upregulated in cells latently infected with EBV are also predicted to be 
targeted by the viral miRNAs. This suggests synergy in downregulating
host cell targets by the virus and may control escape recognition of 
latently infected cells by the host immune system.

Meister, Landthaler, Dorsett
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Development of reverse genetic approaches that act to inhibit 
microRNA function would facilitate the study of this new class of non-
coding RNA. Here we show that 2'-O-methyl oligoribonucleotides, but 
not 2'-deoxyoligonucleotides specifically inactivate the RNAi activity 
associated with miRNA-protein complexes in human cell extracts as 
well as in cultured human cells.

Antisense 2'-O-methyl oligoribonucleotide specifically inhibit 
miR-21 guided cleavage activity in HeLa cell S100 cytoplasmic
extracts. The black bar to the left of the RNase T1 ladder represents the 
region of the target RNA complementary to miR-21. Oligonucleotides
complementary to miR-21 were pre-incubated in S100 extracts prior to 
the addition of 32P-cap-labelled cleavage substrate. Cleavage bands 
produced by T1 digestion appear as doublets because the template for 
transcription was amplified from a plasmid preparation that happened 
to contain two distinct clones, in which one clone had a 1-nt deletion or 
insertion at the position indicated by an asterisk.

Meister, Landthaler, Dorsett
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Antisense 2’-O-methyl oligoribonucleotides also interfere with 
endogenous miR-21 RNP cleavage in HeLa cells. HeLa cells were 
transfected with pHcRed and pEGFP or its derivatives, with or without 
inhibitory or control oligonucleotides. EGFP and HcRed protein 
fluorescence were excited and recorded individually by fluorescence 
microscopy 24 h after transfection. Co-expression of co-transfected
reporter plasmids was documented by superimposing of the 
fluorescence images in the right panel.

Martinez
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In order to purify native RISC, a photo-cleavable biotin derivative was 
used. RISC is photo-cleaved under non-denaturing conditions after 
capturing complexes on streptavidin-coated affinity supports. Chemical 
modification of the 5' end of the antisense but not the sense siRNAs
prevents sense target RNA cleavage in HeLa S100 extract.
Illustration of the possible 5' and 3' aminolinker modifications of the 
sense and antisense strands of a siRNA duplex. L5 represents a 6-carbon 
chain aminolinker connected via a 5'-phosphodiester linkage, L3 
represents a 7-carbon aminolinker connected via a phosphodiester bond 
to the terminal 3' phosphate. s, sense; as, antisense. Target RNA 
cleavage testing various combinations of 5' and 3' aminolinker-modified 
siRNA duplexes. NC (negative control) shows an incubation reaction of
the target RNA in the absence of siRNA duplex. T1, RNase T1 ladder; 
OH, partial alkaline hydrolysis ladder.

Martinez
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Protein composition of affinity purified RISC. Silver-stained SDS-PAGE 
gel of affinity-selected ribonucleoprotein complexes after glycerol 
gradient (5%-20%) sedimentation. The arrow indicates the band 
containing Ago1/eIF2C1 and Ago2/eIF2C2. Molecular size markers are 
indicated on the left. The asterisk indicates a fraction for which the 
protein pellet was lost after precipitation. Target RNA cleavage assay of 
the collected fractions. RISC activity peaked in fraction 7 and 8; bu, 
buffer.
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Argonaute proteins associate with small RNAs that guide mRNA 
degradation, translational repression or a combination of both. The human 
Argonaute family has eight members, four of which (Ago1 through Ago4) 
are closely related and co-expressed in many cell types. 

Meister
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Purification of the FLAG/HA-epitope-tagged Ago containing complexes 
from HeLa and HEK 293 human cell lines reveal that miR-21-guided 
endonuclease activity is exclusively associated with Ago2.
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The cleavage reaction of S21 is expected to yield a 9-nt 5' cleavage 
product and a 12-nt 3' cleavage product, but depending on the mechanism 
of target RNA cleavage the radiolabeled phosphate might be found at 
either one of the two products. 

Martinez
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Co-migration analysis indicated that the radiolabeled phosphate was 
present as a 5'-phosphate at the 12-nt 3' cleavage product, indicating that 
the reaction proceeded via hydrolysis releasing cleavage products carrying 
3'-hydroxyl and 5'-phosphate termini. 

Martinez
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In order to determine the minimal length of substrate structurally required 
for cleavage by RISC, we prepared truncated substrates removing 2-nt 
segments from either the 3' or the 5' end. Deletion of the 3'-most residues, 
which are unpaired in the enzyme-substrate complex, reduced cleavage by 
a marginal 1.1-fold in S19 compared to S21. Subsequent truncations from 
the 3' end reduced cleavage by 2.0-fold for S17, 5.2-fold for S15, and 13-
fold for S13. Removal of 2 nt from the 5' end of S17 reduced the reaction 
rate 2.2-fold when compared to S21 or 1.1-fold when compared to S17. 
These data suggest that pairing of the central 13 nt of the guide siRNA of 
RISC is required for constituting the active site, or for promoting a 
structural change to constitute the active site. SiRNA residues comprising 
segments of up to 4 nt at either the 5' or 3' terminus can remain unpaired 
without causing a complete loss of cleavage activity. This observation is 
reminiscent of studies questioning the specificity of siRNA-guided target 
RNA degradation, reporting off-target cleavage activity for some 
substrates that only contained 11-nt segments of complementarity .

Summary

•DNA viruses encode miRNAs
•2'-O-methyl oligoribonucleotides block RISC/miRNPs
•RISC is a 5' phosphomonester-producing endonuclease
•Ago2 is associated with endonuclease activity
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