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Eri1 Regulation of Lymphocyte MicroRNA  

Homeostasis and Effector Functions 

 

Molly F. Thomas 

 

 
ABSTRACT 

 

MicroRNAs (miRNAs) are emerging as important components of the epigenetic 

landscape that shape immune cell differentiation and effector functions. MiRNA-

deficient T helper (Th) and natural killer (NK) lymphocytes show severe defects in 

differentiation, survival, proliferation, and effector functions, suggesting that miRNAs 

can modulate all of these processes. The study of individual miRNAs as well as global 

miRNA regulation are important steps in understanding the contribution miRNAs make 

to establishing lineage-specific gene expression programs.  

The first part of this dissertation describes a method for profiling small RNAs in 

lymphocytes by high-throughput sequencing. We then apply this technique to defining 

the miRNA repertoire in Th cells actively differentiating into Th1 or Th2 subsets. 

Consistent with profiling experiments from fully polarized Th1 and Th2 cells, 

differentiating Th1 and Th2 cells had highly similar miRNA expression profiles as 

determined by both miRNA microarray and deep sequencing. There was, however, a 

subtle enrichment of miR-146a, miR-155, and miR-31 in differentiating Th1 cell cultures, 

and members of the 23b~27b~24-1 cluster were more highly expressed in Th2 cell 

cultures. These profiling studies served as the basis for a screen of abundantly expressed 

Th cell miRNAs that influence cytokine production in miRNA-deficient T cells. 
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We next sought to determine if the conserved 3’-to-5’ exoribonuclease Eri1 

regulates miRNA abundance and effector functions in lymphocytes. Eri1
–/– 

mice 

surprisingly showed cell-intrinsic defects in the development, receptor acquisition, and 

maturation of NK cells, which play a critical role in early host defense to infected and 

transformed cells. Furthermore, Eri1 was required for immune-mediated control of mouse 

cytomegalovirus (MCMV) infection. Antigen-specific Ly49H
+
 NK cells deficient in Eri1 

failed to expand efficiently during MCMV infection, and virus-specific responses were 

also diminished among Eri1
–/– 

T cells. We identified miRNAs as the major endogenous 

small RNA target of Eri1 in mouse lymphocytes. Both NK and T cells deficient in Eri1 

displayed a global, sequence-independent increase in miRNA abundance. Taken together, 

these studies demonstrate an important role for Eri1 in posttranscriptional RNA 

regulation and in lymphocyte development and antiviral immunity.  
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CHAPTER 1 

 

 

PART 1: Establishing a Method for Small RNA Profiling in Lymphocytes 

 

 

Abstract 

 

Since the phenomenon of small RNA-mediated gene silencing was first described 

over 15 years ago
1,2

 it has become evident that a variety of endogenous small RNAs play 

an important role in establishing and maintaining cell lineages. MicroRNAs (miRNAs), 

in particular, have been shown to exert regulatory control over the development and 

function of the many specialized cells that comprise the mammalian immune system.
3-5

 

The advent of next generation sequencers provides an important tool for profiling the 

small RNA transcriptome of many diverse cell types. Compared to traditional Sanger 

sequencing, next generation sequencing machines can process millions of sequence reads 

in parallel, generating megabases of data within just a few days. The generation of small 

RNA libraries for sequencing is relatively straightforward and involves the ligation of 

platform-specific adapter sequences to small RNAs, followed by reverse transcription of 

the ligated species and PCR amplification. While other hybridization-based techniques 

are available for profiling well-characterized small RNAs, high-throughput sequencing 

remains the most powerful method for discovering novel small RNAs and post-

transcriptional editing.  

 

Introduction 

 

The identification of small RNAs and their specific expression patterns is an 

important component of understanding the complex gene regulatory networks that govern 

the immune system. Hybridization-based detection methods, such as quantitative 
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polymerase chain reaction (qPCR), Northern blot and microarrays are effective for 

probing the expression of known miRNAs; however, high-throughput sequencing 

remains the best technique for the discovery of novel small RNAs.
6,7

 Furthermore, 

sequencing allows the possibility to assess the posttranscriptional modification of 

miRNAs such as miR-142, which is edited by deaminases and is highly expressed in 

many hematopoietic lineages.
8
 Several different next generation sequencers are available 

for use, including 454 (Roche), SOLiD (ABI), and Solexa (Illumina). While platforms 

vary by target sequence length, accuracy, and cost,
9
 all give reproducibly comparable 

results.
10,11

 The methods described here are specific for preparing cDNA libraries for 

Solexa sequencing, which identifies individual nucleotides as they are incorporated into 

growing complementary DNA strands (“sequencing by synthesis”). This approach differs 

from the 454 system, which is also based on sequencing by synthesis yet uses signal 

intensity to determine the number of consecutive bases. One disadvantage of this 

approach is that it frequently misinterprets the content of low complexity, 

homopolymeric sequences.
12

 One drawback of Solexa sequencing is the increased error 

frequency at the 3’ end of longer sequences. Thus, Solexa sequencing is optimized to 

detect shorter sequences (< 100 nt) such as mature miRNAs. The techniques presented 

here for Solexa sequencing can be easily adapted to other platforms by substituting 

different adapter and primer sequences from those listed in Table 1.  

Small RNA cDNA library preparation for all high-throughput sequencers is based 

on the same set of basic steps: RNA isolation followed by 3’ and 5’ linker ligation, 

reverse transcription (RT), and PCR amplification (Fig. 1).
6
 The standard protocol 

enriches for miRNAs by size fractionating total RNA samples and demanding that all 



! 3!

linkered products carry a 5’ monophosphate, a hallmark feature of Dicer and Drosha 

cleavage products. An alternate protocol for 5’ monophosphate-independent linker 

ligation is also described. This protocol allows broader capture of other small RNA 

species, including those that carry 5’ triphosphate modifications.
13

 As with any profiling 

technique, library bias can in theory be introduced at several steps including linker 

ligation, RT and PCR amplification.
14,15

 However, sequencing studies with pooled 

synthetic small RNA libraries show that RT and PCR reactions actually contribute little 

to read frequency bias.
16

 Instead, enzymatic ligation of RNA and DNA adapters to small 

RNAs accounts for most of the sequence bias in high-throughput sequencing libraries. 

This phenomenon is most likely attributable to intramolecular secondary structures in the 

small RNA or adapter sequences. While this bias does not preclude the accurate 

comparison of deep sequencing libraries prepared by identical methods, it does suggest 

that high-throughput sequencing data must ultimately be validated by alternative methods 

such as qPCR or Northern blot. 
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18 bp RNA Size 

Marker 
rGrUrArCrGrCrGrGrGrUrUrUrArArArCrGrA 

30 bp RNA Size 

Marker 
rUrCrArGrGrArUrGrGrCrGrCrGrCrCrGrGrUrCrUrCrArCrUrGrArArCrGrC 

5’ Solexa RNA 

Linker 
rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrC 

3’ Solexa DNA 

Linker 
Monophosphate-TCGTATGCCGTCTTCTGCTTGidT 

3’ Adenylation 

Template 
ACAAGCAGAAGACGGCATACGATATAGTGAGTC 

3’ Solexa 

RT/PCR Primer 
CAAGCAGAAGACGGCATACGA 

5’ Solexa PCR 

Primer 
AATGATACGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGA 

Solexa 

Sequencing 

Primer 

CGACAGGTTCAGAGTTCTACAGTCCGACGATC 

 

 

Table 1. Oligonucleotide sequences for small RNA cloning protocol. Bases preceded 

by an “r” indicate RNA nucleotides while the remainder are DNA nucleotides. The 3’ 

DNA linker must contain a 5’ monophosphate so that it can be charged with an 

adenylation group by T4 DNA ligase. idT represents a 5’-, 3’-inverted thymidine 

deoxynucleotide that blocks phosphodiester bond formation at the 3’ end of the oligo and 

thus prevents circularization of the 3’ linker upon the addition of Rnl2 (1-249). All 

oligonucleotides can be ordered from Integrated DNA Technology and require no further 

purification beyond desalting. 
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Figure 1. Overview schematic of small RNA cloning for deep sequencing. cDNA 

libraries for deep sequencing are generated by ligating size-fractionated small RNAs to 

platform-specific linker sequences. The protocol can be easily modified for 5’ 

monophosphate-independent cloning by pretreating 3’ linkered RNA samples with 

phosphatase prior to 5’ linker ligation. Libraries are then reverse transcribed and 

amplified by minimal rounds of PCR to avoid library bias. The quality of the prepared 

libraries should be verified throughout the protocol. This includes using an 

electrophoretic method (i.e. Agilent Bioanalyzer) to evaluate the quality of RNA 

isolation, routinely visualizing linkered and PCR amplified products on acrylamide gels 

and carrying out small scale sequencing of the cloned cDNAs to assess the number of 

known small RNAs in the final libraries.  
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Materials 

2.1 Prepare 5’-labeled size fractionation markers 

1. ATP [!-
32

P] – 6000 Ci/mmol. 

2. T4 Polynucleotide Kinase with 10x kinase buffer. 

3. DEPC Water: add 1 ml of diethyl Pyrocarbonate  to 1 L double distilled water 

(ddH20) and mix with a stir bar until DEPC is fully dissolved. Autoclave 

solution at 121ºC for 30 minutes, which will convert the DEPC into ethanol and 

CO2. Store at room temperature. 

4. G25 Sephadex columns (GE Life Sciences, Piscataway, NJ). 

5. 0.5 M EDTA pH 8: Dissolve 93.5 g disodium salt dihydrate in 400 ml DEPC 

H20. While stirring the mixture, adjust the pH to 8.0 by adding NaOH to 

dissolve the EDTA. Store at room temperature. 

6. 2x formamide loading dye with xylene cyanol and bromophenol blue (Applied 

Biosystems, Austin, TX). 

7. Large format polyacrylamide gel electrophoresis apparatus. 

8. RNaseZAP (Sigma-Aldrich, St. Louis, MO). 

9. 5X TBE: Dissolve 20 ml of 0.5 M EDTA pH 8.0, 27.5 g boric acid and 54 g 

Tris base in 800 ml DEPC Water. Bring the total volume up to 1L and store at 

room temperature.  

10. 40% solution Bis-acrylamide 19:1 and N,N,N’,N’-Tetramethylethylenediamine 

(TEMED). Store both at 4ºC.  

11. 10% Ammonium persulfate (w/v). Store at 4ºC for up to one month.  

 



! 7!

2.2 Size fractionate small RNAs from total extracted RNA 

1. 500 ml DEPC 1 M NaCl: dissolve 29.2 g NaCl in ddH20. Add 500 "l Diethyl 

Pyrocarbonate (MP Biomedicals, Solon, OH) and mix with a stir bar until 

DEPC is full dissolved. Autoclave at 121ºC for 30 minutes. Store at room 

temperature.  

2. RNase-free 1.5 ml microcentrifuge safe-lock tubes (Eppendorf, Westbury, NY) 

and RNase-free pestles for use with 1.5 ml tubes (Kimble Chase Kontes, 

Vineland, NJ).  

3. GlycoBlue (15 mg/ml glycogen, Applied Biosystems, Austin, TX). 

4. RNase-free siliconized 1.5 ml microcentrifuge tubes (Fisher Scientific, 

Pittsburgh, PA).  

 

2.3 Adenylate 3’ adapter and ligate to small RNAs 

1. NEB Quick Ligation Kit with high concentration T4 DNA Ligase (2,000,000 

U/ml) and Quick Ligation Reaction Buffer containing PEG. Truncated T4 

RNA Ligase 2 (1-249)  (New England BioLabs, Ipswich, MA). 

2. Dimethyl sulfoxide. 

3. 50% polyethylene glycol (w/v). 

4. 10 mg/ml ethidium bromide solution. Because ethidium bromide is a DNA 

intercalating agent and potential carcinogen, wear a mask to avoid inhaling 

powder when measuring weight. Store at room temperature protected from 

light.  
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2.4 Ligate 5’ adapter  

1. Antarctic Phosphatase, T4 DNA ligase buffer containing 10 mM ATP and T4 

RNA ligase 1 (New England BioLabs, Ipswich, MA).  

2. Phenol:Chloroform:Isoamyl alcohol 25:24:1 pH 4.5. 

3. DEPC-treated 3M NaOAc pH 5.2: Dissolved 204g NaOAc -3H20 in 400 ml 

ddH20. Adjust pH to 5.2 with glacial acetic acid and bring volume up to 500 

ml. Dissolve 0.5 ml of DEPC into the sodium acetate solution and autoclave 

for 30 minutes at 121ºC. Store at room temperature. 

4. TE pH 8: Make a solution of 1 M Tris-HCl pH 8 by dissolving 12.1 g Tris base 

in 80 ml H20 and adjusting pH to 8 with HCl. Bring the final volume up to 100 

ml. To make TE pH 8 buffer, add 5 ml of 1 M Tris-HCl pH 8 to 100 "l of 0.5 

M EDTA pH 8 and adjust final volume to 500 ml. Store at room temperature.  

 

2.5 Reverse transcribe and PCR amplify small RNA library  

1. SuperScript III First-Strand Synthesis System (containing SS III reverse 

transcriptase, 25mM MgCl2, 0.1 mM DTT, RNaseOUT and 10 mM dNTPs) 

and 10 mM dNTP stock (Invitrogen, Carlsbad, CA). 

2. Phusion high-fidelity polymerase kit (with polymerase buffers) and low 

molecular weight DNA ladder (New England BioLabs, Ipswich, MA). 

 

2.6 Small scale sequence library and determine concentration 

1. REDTaq DNA polymerase (or equivalent Taq polymerase) for addition of 3’ 

adenine to libraries for TOPO cloning (Sigma-Aldrich, St. Louis, MO). 
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2. TOPO TA cloning kit containing TOP10 chemically competent E. coli and 

SOC medium (Invitrogen, Carlsbad, CA). 

3. X-gal solution for blue white colony screening: Dissolve 2g of 5-Bromo-4-

chloro-3-indolyl-#-D-galactoside (X-gal) in a total volume of 50 ml N, N'-

dimethyl formamide. Aliquot the solution to 1 ml microcentrifuge tubes and 

store at -20ºC protected from light.  

4. Fast Start SYBR Green master mix for qPCR (Roche, Indianapolis, Indiana). 

 

Methods 

Although there are several commercially available kits for generating small RNA 

libraries, it is relatively straightforward and cost effective to create libraries using 

standard molecular biology reagents and custom oligonucleotides listed in Table 1. The 

major cost of most prepackaged kits is the purchase of the pre-adenylated linker 

oligonucleotides, which can be easily synthesized through enzymatic adenylation of 

DNA oligos.
17

 Pre-adenylated linkers are used in the first RNA ligation step of small 

RNA cloning so that the reaction can be carried out under conditions that favor miRNA 

ligation to the linker over miRNA circularization. Once the 3’ linker has been adenylated, 

a truncated Rnl2 (1-249) enzyme can efficiently catalyze the formation of a 

phosphodiester bond between an acceptor small RNA bearing a free 3’-hydroxyl group 

and a donor linker adenylated at its 5’ end in the absence of ATP.
7
 The modified Rnl2 

enzyme requires a pre-adenylated linker because it lacks its C terminal domain, which is 

required for enzymatic charging of 5’ monophosphorylated RNA targets (including 

microRNAs) with adenosine monophosphate.
18

 While some miRNA circularization still 
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occurs with truncated Rnl2, the reaction is much less efficient and therefore fewer 

ligation side products are formed with enzyme compared to T4 Rnl1, even in ATP-

depleted conditions.
16

 Furthermore, Rnl2 (1-249) allows for efficient ligation of small 

RNAs modified at the 3’ terminal nucleotide by 2’-O-methylation. Thus, we recommend 

Rnl2 (1-249) in this protocol. 

This protocol can be completed in ten days; however, the most time-intensive 

component of small RNA sequencing is the bioinformatics analysis and data validation. It 

is therefore essential that the quality of the cDNA libraries be validated prior to high-

throughput sequencing. The quality of the initial sample preparation and RNA extraction 

should be evaluated by an electrophoresis-based method such as the Agilent Bioanalyzer. 

If possible, at least 10 "g of the original extracted total RNA should be set aside for later 

validating sequencing results by qPCR or Northern blot. Bioinformatics analysis is 

greatly aided by preparing cDNA libraries from multiple biological replicates, especially 

if RNA samples are derived from genetically heterogeneous sources (i.e. patient 

samples). Small scale Sanger sequencing of cloned RNAs is recommended to verify the 

correct size distribution of libraries as well as enrichment for tissue- or cell-specific 

miRNAs (e.g. miR-142 or miR-150 in hematopoietic lineages) before proceeding to high-

throughput sequencing. Once sequence results are obtained, there are numerous 

publically available algorithms and databases for identifying known miRNAs and 

predicting novel Dicer products.
19,20
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3.1 Prepare 5’-labeled size fractionation markers 

1. Set up two of the following 20 "l reactions to 5’ end label 18- and 30- nt RNA 

size markers (see note 1) with ATP [!-
32

P]: 1 "l of 1 "M size marker RNA (18 or 

30mer), 2 "l PNK buffer, 1 "l PNK, 5 "l 6,000 Ci/mmol ATP [!-
32

P] (1.67"M), 

and 11 "l DEPC H2O. Incubate the reactions for 1 hour at 37ºC and then heat 

inactivate the kinase by incubation at 65ºC for 20 minutes.  

2. Prepare G-25 columns according to manufacturer’s instructions. This involves 

resuspending the beads by gentle mixing and then centrifuging the column in a 

disposable collection tube 735 x g for one minute. Discard collection tube and 

place column into a fresh RNase-free 1.5 ml microcentrifuge tube.   

3. Add 30 "l of 0.1 mM RNase-free EDTA to each sample and apply mixture to G-

25 column resin to desalt reaction and remove unincorporated nucleotides. 

Centrifuge at 735 x g for 2 minutes and collect eluate. 

4. Make 5 dilutions of each labeled marker (i.e. 1:9, 1:27, 1:81, 1:243, and 1:729) in 

a 10 "l total volume. Add 10 "l of 2x formamide loading dye containing xylene 

cyanol and bromophenol blue. 

5. Run samples on an acrylamide denaturing gel to determine the minimum amount 

of marker required to detect a signal. These instructions are for the Bio-Rad 

Protean II gel system, although they can be adapted for other electrophoresis 

systems. Wash gel plates thoroughly with a rinsable detergent (i.e. Micro-90, 

Cole-Parmer, Vernon Hills, Il). Dry plates and treat with RNaseZAP to ensure 

that they are RNase free.  
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6. Prepare a 1.5-mm thick, 15% denaturing urea-TBE gel by mixing 24 g of urea 

with 5 ml 5x TBE and 18.75 ml of the 40% acrylamide mix and adding water to 

50 ml. Set mixture at 37ºC for 20 minutes to dissolve urea, inverting occasionally 

to mix. Once urea has dissolved, add 250 "l of 10% ammonium persulfate 

solution and 50 "l TEMED to begin gel polymerization. Immediately pour gel 

and insert well combs. The gel should set in approximately 30 minutes.  

7. Prepare 0.5x TBE running buffer by diluting 200 ml 5x TBE in 1,800 ml water. 

8. When gel has set, carefully remove comb. Add running buffer to chamber and 

carefully lower the gel apparatus into the chamber at an angle to prevent bubbles 

from collecting along the bottom of the gel (which would disrupt the current and 

lead to uneven band migration). Use a 10 ml syringe with a 20-gauge needle to 

clear crashed urea out of wells and pre-run the gel at 400 volts for 1-2 hours.  

9. Again use the syringe to clear crashed urea from wells and immediately load the 

gel with the 10 radioactively labeled samples. Add TBE running buffer containing 

1x loading dye to any empty wells. Run the gel at 400 volts for 2-4 hours or until 

xylene cyanol and bromophenol blue bands are separated by at least 2 inches. 

10. Remove gel plates from box and gently pry apart, leaving the gel flat on the inner, 

smaller plate. Cover gel and plate with a plastic wrap and expose to phosphor 

screen for approximately 10 minutes before scanning image into phosphoimager.  

11. Determine the minimum amount of each labeled size marker that can still be 

detected. Minimizing the quantity of marker oligonucleotides added to each 

library ensures that they represent only a small fraction of the total small RNAs 
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that will be cloned and sequenced. Using this protocol, we found that marker 

sequences made up less than 0.1% of our cDNA libraries.  

 

3.2 Size fractionate small RNAs from total extracted RNA 

1. Extract and purify total RNA using a technique that captures small RNAs, such as 

Trizol (Invitrogen). Note that standard protocols using column-based RNA 

extraction kits, such as RNeasy (Qiagen), are not recommended as they must be 

modified to avoid the loss of small RNAs.  

2. Verify the quality of total RNA extraction either by Agilent Bioanalyzer (Fig. 1) 

or by running a small amount of the library on a denaturing gel and staining with 

ethidium bromide (EtBr). Using these methods, you should be able to clearly 

detect 28S and 18S rRNAs as well as a population of smaller RNAs (mostly 5.8S 

and 5S rRNAs and tRNAs).  

3. Quantify total RNA by UV spectroscopy. Optimally, prepare 50 "g of total 

starting RNA per library (as little as 10 "g can be used for 5’-dependent cloning 

or 20 "g if you are planning on carrying out both 5’-dependent and 5’-

independent cloning – see note 2). 

4. Cast a 15% denaturing urea-TBE gel as described in section 3.1, step 6. Use a 10 

ml syringe with a 20-gauge needle to clear crashed urea from wells, and prerun 

the gel at 400 volts for 1-2 hours.  

5. To each sample add a minimal quantity of ATP [!-
32

P]-labeled size markers (as 

determined in section 3.1) and 1 volume of 2x formamide loading dye. Make sure 

to use locking or screw top microcentrifuge tubes to decrease risk of the cap 



! 14!

opening during heating. Denature sample by heating for 5 minutes in an 80ºC heat 

block and cool on ice for 2 minutes. Collect the sample by brief centrifugation. 

6. Again use a syringe to clear urea from wells, and immediately load total RNA 

sample with spiked size markers onto gel, leaving at least 1 empty well between 

libraries (add TBE running buffer with 1x formamide dye to empty wells). Run 

the gel at 400 volts for 2-4 hours or until xylene cyanol and bromophenol blue 

bands are separated by at least 2 inches (see note 3). 

7. Remove gel plates from box and gently pry apart, leaving gel flat on the inner, 

smaller plate. Underlay the plate with a grid of squares of known sizes (i.e. 2 cm 

per side). Dilute ATP [!-
32

P] 1:10,000 in 2x formamide dye. Somewhere between 

the top of the gel and the xylene cyanol dye embed a small amount of the solution 

into the gel at approximately the intersection of several different squares, creating 

a grid of dots a known distance apart. Carefully cover gel and glass plate with a 

plastic wrap and expose to phosphor screen for approximately 10 minutes before 

scanning image into phosphoimager.  

8. Print a 1:1 image of the scanned gel. Use a ruler to verify that the individual 

points making up the radioactive grid are the expected distance apart. 

9. Underlay the gel plate with this printout and align the gel to the printed picture via 

the radioactive grid.  

10.  Prepare a razor blade by treating it with DEPC H2O followed by RNaseZAP. For 

each library, cut out a gel slice that extends from the middle of the 18mer  
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Figure 2. 15% TBE-urea acrylamide gels for isolating oligonucleotides following 

small RNA size fractionation, 3’ linker adenylation, and 3’ linker ligation 
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(A) 18 and 30 nt RNA size markers were 5’ end-labeled with ATP [!-32P] and run on a 

test gel to determine the minimal concentration of markers required for visualization on a 

phosphoimager (not shown). The determined concentration of markers was then spiked 

into 4 separate RNA samples to guide accurate size fractionation of libraries on a 

denaturing acrylamide gel. (B) 3’ DNA linkers were enzymatically adenylated using T4 

DNA ligase. Charged adenylation products are one nucleotide longer than unadenylated 

linkers and can be clearly visualized on an acrylamide gel by running an unadenylated 

control. (C) 18 – 30 nt small RNAs were ligated to 3’adapters and the ligated products 

were selectively extracted from an acrylamide gel. Residual ATP [!-32P]-labeled size 

markers from the initial RNA size fractionation serve as size references for successfully 

linkered products.  
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signal to the middle of the 30mer signal, as shown in Fig. 2a (see note 4). 

11. Add the gel slice to a pre-weighed 1.5 ml microcentrifuge tube (see note 5) and 

determine the weight of the gel slice. Mash the gel into small fragments using a 

pestle and add a volume of 1 M NaCl that is 3/7 of the gel weight, thus bringing  

the final NaCl concentration to 0.3 M. Add 2 volumes of 0.3 M NaCl and 

continue to mash gel into a fine slurry. Add 3 additional volumes of 0.3 M NaCl 

and set overnight at 4ºC with rotation. 

12. Spin samples at top speed in a microcentrifuge for 10 minutes and transfer liquid 

supernatant to a fresh siliconized tube (see note 6).  

13. To precipitate RNA, add 2 "l of 15 mg/ml glycogen and 3 volumes of ice-cold 

100% ethanol and set at -80ºC for at least two hours. Spin down samples at full 

speed in a microcentrifuge for 30 minutes and wash RNA pellet once with 70% 

ice-cold EtOH. Allow the pellet to dry and resuspend in 15 "l of DEPC H20. 

Immediately freeze down 5 "l of RNA at -80ºC, in case you need to return to it 

later, and use the remaining 10 "l for the following steps.  

 

3.3 Adenylate 3’ adapter and ligate to small RNAs 

1. In a PCR tube, mix together 25 "l of 500 "M 3’ linker with 25 "l of 500 "M 

adenylation template oligo listed in Table 1. Using a thermocycler, heat sample to 

90ºC for 3 minutes and slowly cool to room temperature over the course of an 

hour to let them anneal. 
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2. Set up two of the following 300 "l adenylation reactions: 150 "l 2x quick ligase 

buffer with PEG, 18 "l of 250 "M oligo/template mixture, 30 "l of high 

concentration T4 DNA ligase and 102 "l DEPC water. 

3. Incubate reactions in a 37ºC water bath for 5 hours, flicking the tube occasionally 

to mix.  

4. In the meantime, cast two 1.5 mm thick 20% denaturing urea-TBE gels and pre-

run the gels at 400 volts for 1-2 hours before loading samples.  

5. Stop reaction by heating to 65ºC for 5 minutes and adding 300 "l 2x formamide 

loading dye. Load samples onto gel along with one lane containing just the 3’ 

adapter (as a size reference for the unadenylated oligo). Run the gel at 400 volts 

until bromophenol blue dye just runs off the gel – approximately 7 hours. 

6. Carefully pry apart glass plates and move gels to two separate glass dishes 

containing a sufficient amount of 0.5x TBE with 400 ng/ml EtBr to cover gel. Set 

gel at room temperature for 5 minutes with gentle rocking. Dispose of EtBr waste 

and incubate gel for 5 minutes in 0.5x TBE with gentle rocking to wash out 

excess EtBr.  

7. Wash UV transilluminator box first with water, then with RNaseZAP. Carefully 

place gel on UV box and use a razor blade to cut out the adenylated 3’ linker, 

which should run just slower than the unadenylated linker oligo (Fig. 2b).  

8. Add gel slices to a pre-weighed 1.5 ml microcentrifuge tube and determine weight 

of gel slice. Mash the gel into small fragments using a pestle and add a volume of 

1 M NaCl that is 3/7 of the gel weight to bring the final NaCl concentration to 0.3 
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M. Add 2 volumes of 0.3 M NaCl and continue to mash gel into a fine slurry. Add 

2 additional volumes of 0.3 M NaCl and set overnight at 4ºC with rotation. 

9. Spin samples at top speed in a desktop centrifuge for 10 minutes and transfer 

liquid supernatant to a fresh siliconized tube. To precipitate DNA, add 2 "l of 15 

mg/ml glycogen and 2.5 volumes of 100% ice-cold EtOH and let sit at -80ºC for 

at least two hours. Spin down samples at full speed for 30 minutes and wash DNA 

pellet once with 70% ice-cold EtOH. Let pellet dry and resuspend in 20 "l of 

DEPC H20.  

10. Estimate adenylated oligo concentration by UV spectroscopy or by running a 

small amount on a gel containing known DNA concentrations. Adjust the 

adenylated oligo concentration to 100 "M. You will need 200 pmol of adenylated 

linker per library (see note 7).  

11. Mix together 2 "l of the adenylated 100 "M linker, 2 "l truncated Rnl2 10x 

buffer, 1.5 "l DMSO, 2.5 "l 50% PEG and 10 "l small RNAs containing 

radiolabeled size markers. Make sure to use locking or screw top microcentrifuge 

tubes to decrease the risk of the cap opening during heating. Heat to 90ºC for 30 

seconds, then transfer to ice for 2 minutes to cool. Collect by brief centrifugation. 

Add 2 "l of truncated Rnl2, mix and set reaction at room temperature for 2.5 

hours.  

12. In the meantime, cast a 15% denaturing urea-TBE gel as described in section 3.1, 

step 6 and pre-run at 400 volts for 1-2 hours.  

13. Stop the reaction by adding 20 "l of 2x formamide loading dye. Heat sample for 5 

minutes in an 80ºC heat block and cool on ice for 2 minutes. Collect the sample 
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by brief centrifugation. Load samples with at least one lane between libraries. In 

the interdigitated lanes load unligated size markers at half the minimal amount as 

determined in section 3.1. These markers serve as important size references for 

unligated small RNAs. Run gel until bromophenol blue and xylene cyanol dyes 

are separated by at least 3-4 inches.  

14. Disassemble gel apparatus, leaving gel attached to inner glass plate. Using the 

methods described in section 3.2, steps 7 through 9, scan in a phosphor screen that 

has been exposed to the gel and make a 1:1 printout of the scan to underlay the 

glass plate. The ligated 18- and 30-nt size markers should run at 40 and 52 nt, 

respectively (just above the xylene cyanol dye) (Fig. 2c). Cut out a gel slice 

corresponding to the ligated 40-52 base pair (bp) small RNAs, making sure to 

avoid any upper ligation artifacts.  

15. Isolate the RNA from gel slices as described in section 3.2, steps 10 through 13. 

Resuspend the 3’ ligated small RNAs in 24 "l DEPC H20. Immediately freeze 

down 5 "l of RNA at -80ºC in case you need to return to it later, and use the 

remaining 19 "l for the following steps.  

 

3.4 Ligate 5’ adapter  

1. If you wish to carry out 5’ monophosphate-independent ligations in addition to 5’ 

monophosphate-dependent ligations, make two 8.5 "l aliquots of 3’ ligated small 

RNAs from each library – one for 5’-dependent ligation and one for 5’-

independent ligation. Bring the total volume of the 5’-dependent aliquot up to 18 

"l and set aside. If you are not planning on carrying out 5’-independent cloning, 
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aliquot 18 "l of your 3’ ligated RNAs into an RNase-free tube and proceed 

directly to step 5.  

2. For 5’ end processing of the 5’-independent sample, heat the 8.5 "l aliquot of 3’ 

ligated RNA to 90ºC, cool on ice for 2 minutes, and collect by brief 

centrifugation. To remove all 5’ phosphate groups from your small RNAs, add 1 

"l 10x Antarctic Phosphatase buffer and 0.5 "l Antarctic Phosphatase. Incubate 

samples at 37ºC for 20 minutes followed by heat inactivation at 75ºC for 10 min. 

Spin in microcentrifuge to collect. 

3. Add 3 "l of 10x T4 DNA ligase buffer (1 mM final ATP concentration), 16 "l 

DEPC H20 and 1 "l T4 PNK. To add 5’ monophosphate groups to your small 

RNAs, incubate reaction at 37ºC for 30 minutes followed by heat inactivation at 

65ºC for 20 minutes. Add DEPC H20 to a final volume of 200 "l.  

4. Isolate PNK-treated RNA by phenol-chloroform extraction. Add 200 "l 

phenol:chloroform:Isoamyl alcohol (25:24:1, pH 4.5) (see note 8). Vortex until 

thoroughly mixed and centrifuge at top speed in a microcentrifuge for 3 minutes. 

Transfer aqueous phase to a new siliconized tube and add 2 "l glycogen (15 

mg/ml), 10% volume 3M NaOAc pH 5.2 and 3 volumes ice-cold 100% EtOH. 

Place samples at -80ºC for 30 minutes. Centrifuge at top speed for 10 minutes. 

Remove supernatant and wash RNA pellet once with 70% ice-cold EtOH. Allow 

pellet to dry and resuspend the 5’-independent library samples, which now all 

contain 5’ monophosphorylated ends, in 18 "l DEPC H20. 

5. Set up 30 "l 5’ adapter reactions for 5’ dependent and/or independent samples by 

mixing the following: 10 "l 10x T4 RNA ligase 1 buffer, 6 "l 100 "M 5’ linker, 3 
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"l T4 RNA ligase 1, and 18 "l 3’ ligated small RNAs/DEPC H20. Incubate the 

reaction for 4 hours at room temperature.   

6. Add 120 "l TE pH 8 to bring reaction volume up to 150 "l. Add 2 "l glycogen, 

15 "l 3 M NaOAc pH 5.2, and 450 "l ice-cold 100% EtOH. Mix by vortexing. 

Place reaction tubes at -80ºC for at least 2 hours, and centrifuge samples at top 

speed for 10 minutes. Aspirate supernatant and wash RNA pellet once with ice-

cold 70% EtOH. Allow pellet to dry and resuspend each sample in 15 "l H20. 

Immediately freeze down 5"l of RNA at -80ºC in case you need to return to it 

later, and use the remaining 10 "l for the following steps. 

 

3.5 Reverse transcribe and PCR amplify small RNA library 

1. Add 1 "l of 100 "M RT primer to 10 "l of the linkered RNA library and heat at 

65ºC. Cool on ice for 2 minutes and collect by brief centrifugation.  

2. In a separate tube, combine the following in a 19 "l total volume: 4 "l MgCl2, 3 

"l SS III 10x buffer, 7 "l 10 mM dNTPs, 3 "l 0.1 M DTT, 1 "l RNase-OUT (40 

U/"l) and 1 "l SuperScript III reverse transcriptase (200 U/"l). Heat mixture to 

48ºC for 2 minutes and then add to the 11 "l RNA sample.  

3. Heat the 30 "l sample at 44ºC for 1 hour, add 1 "l RNase H, and then incubate at 

37ºC for 30 minutes. Use 10 "l of the 30 "l RT reaction for PCR and store the 

remainder at -80ºC.  

4. Set up a 50 "l PCR reaction using the Phusion high-fidelity polymerase: 10 "l of 

the RT reaction, 10 "l 5x Phusion buffer, 1 "l of 10 mM dNTPs, 0.25 "l 100 "M 
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3’ PCR primer, 0.25 "l 100 "M 5’ PCR primer, 0.5 "l Phusion polymerase, and 

28 "l H20 (see note 9).  

5. Run the following PCR cycle: 

 98ºC for 30’’ 

15 cycles of 98 ºC 10’’, 60ºC 30’’, 72ºC 15’’ 

72ºC for 10’ 

4ºC hold 

6. In the meantime, cast a small 1.5 mm 6% non-denaturing TBE gel (these 

instructions are designed for the Bio-Rad Mini-Protean Tetra Cell, although any 

equivalent system can be used). Mix together 1.5 ml of 40% acrylamide, 1 ml of 

5x TBE, and 7.5 ml of H20. To begin acrylamide polymerization add 6.5 "l of 

TEMED and 65 of "l 10% APS and immediately pour between the two glass gel 

plates. Insert comb and allow the gel to polymerize for 30 minutes. When gel has 

set, secure the gel in the clamping frame and insert the assembly into the tank. Fill 

the tank and upper gel chamber with 0.5x TBE according to the manufacturer’s 

instructions.  

7. Add 10 "l of 6x DNA loading dye to each sample and load onto gel, leaving at 

least 1 empty well between libraries. Also make sure to load 1 "g of the NEB low 

molecular weight DNA ladder.  

8. Run samples at 100 volts until bromophenol blue reaches the bottom of the gel. 

9. Carefully remove gel from the apparatus and soak for 5 minutes with gentle 

rocking in a solution of 0.5x TBE containing 400 ng/ml EtBr. Dispose of EtBr 

solution and rinse gel for 2 minutes in 0.5x TBE to wash out excess ethidium. 
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Figure 3. PCR amplification of cDNA libraries. Linkered and reverse transcribed small 

RNAs were amplified by 15, 18, and 22 rounds of PCR using adapter-specific primers. 

Products were loaded onto a 15% TBE gel to determine the minimal number of cycles 

required to give products that can be easily visualized for extraction. Note that by 22 

cycles of PCR most reactions are saturated, as evidenced by the depletion of PCR 

primers.  
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10. Visualize RT-PCR products under UV light and cut out bands corresponding to 

84 – 96 nucleotides as shown in Fig. 3 (see note 10). Add gel slices to pre-

weighed siliconized tubes and extract DNA as described in section 3.2, steps 10 

through 13. Resuspend DNA pellet in 50 "l 0.1 mM EDTA. 

 

3.6 Small scale sequence library and determine concentration 

1. Because the Phusion polymerase generates blunt DNA ends, it is necessary to add 

a 3’ A overhang using Taq polymerase prior to TOPO cloning. Add 5 "l of  

each library to 5"l of 400 "M dATP (or 1 "l 10 mM dNTP mix). Add 0.2 units of 

Taq polymerase to each reaction and set reaction at 72ºC for 15 minutes.  

2. Add 2 "l of the Taq reaction mixture to 0.5 "l of the dilute salt solution and 0.5 "l 

of the TOPO vector included in the TOPO cloning kit. Set reaction at room 

temperature for 20 minutes.  

3. Add 2 "l of the TOPO reaction to one vial of Top10 chemically competent E. 

coli, mix by flicking the tube several times and incubate on ice for 30 minutes.  

4. Heat shock bacteria for 30 seconds at 42ºC without shaking.  

5. Transfer the tube to ice for two minutes and add 250 "l of room temperature SOC 

medium. Cap the tube tightly and shake the tube horizontally (200 rpm) at 37ºC 

for 1 hour.  

6. In the mean time, spread 20 "l of 40 mg/ml X-gal on LB plates containing 

ampicillin or kanamycin (use 2 plates per library). Set plates in 37ºC incubator. 

TOPO vectors that have successfully ligated cDNAs from your library will not 

produce ß-galactosidase, an enzyme that hydrolyzes X-gal and creates an 
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insoluble product (5-bromo-4 chloroindole) that is blue. Therefore, all white 

bacterial colonies will contain clones of cDNA sequences from your library.  

7. For each library, spread 75 "l of transformed E. coli onto two different LB-

antibiotic plates. Place plates upside down in 37ºC incubator and grow for 20 

hours or until colonies are approximately 0.25 cm in diameter.  

8. Pick approximately 25 white colonies per library to submit for sequencing. We 

have found it convenient and efficient to use rolling circle amplification for direct 

sequencing from transformed colonies. Use an M13R sequencing primer with the 

pCRII-TOPO vector. 

9. BLAST your sequences using the Santa Cruz genome browser 

(http://genome.ucsc.edu/) or the NCBI website 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). For most cell types, a high quality 

5’monophosphate-dependent small RNA library will contain at least 50% miRNA 

sequences and 85% hits that map to the genome.  

10. Ideally, relative library concentrations can be determined with SYBR Green 

qPCR by comparing your libraries to libraries of similar size distribution that have 

been successfully sequenced in the past. If these are not available, you may use a 

standard curve to estimate your library concentration (provided that you can 

demonstrate 100% PCR efficiency). For qPCR reactions, dilute each library 1:10, 

1:100, and 1:1000 with H20 in a 15 "l total volume.  

11. Set up duplicate 20 "l reactions for each library dilution and reference 

library/standard curve sample: 5 "l library dilution or reference standard, 10 "l of 

2x SYBR master mix, 0.6 "l 10 "M forward primer, 0.6 "l 10 "M reverse primer, 
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and 3.8 "l ddH20. Use Ct values in the linear amplification range to estimate the 

relative concentration of your libraries. Differences between Ct values should 

represent Log2 differences in library concentration. Check with your sequencing 

core to determine at what concentration your libraries should be submitted.  

 

Notes 

1. The 18-30 nucleotide (nt) size markers broadly capture small RNAs including 

those in the piRNA size range (24-30 nt). If you wish to enrich for just miRNAs 

you may use 18 and 25 nt size markers.  

2. Ideally there will be a sufficient amount of total extracted RNA such that 10-15 "g 

of additional RNA can be set aside for verification of sequencing results by 

northern blot, qPCR, etc. This allows for direct comparison of several different 

small RNA identification techniques. If possible, it is best to start with at least two 

biological replicates of each library, as this will greatly aid bioinformatics 

analysis of sequencing data.   

3. In a 15% denaturing acrylamide gel, the bromophenol blue and xylene cyanol dyes 

should run at approximately 10 nt and 30 nt, respectively. Thus, the separation of 

the small RNAs can be estimated by observing loading dye migration.  

4. Make sure to wash the razor blade with DEPC H20 and RNaseZAP between cutting 

out different libraries to avoid library cross-contamination and RNase exposure. 

5. While other combinations of pestles and microcentrifuge tubes may be used in 

addition to those cited in the Materials section, these brands have been selected 
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because they fit perfectly together and allow efficient mashing of the gel into a 

fine slurry. 

6. Siliconized microcentrifuge tubes will increase the recovery of RNA compared to 

polypropylene tubes, which will adsorb significant amounts of the RNA sample 

over time.  

7. Enzymatically adenylated linkers can be a common source of RNase 

contamination. Therefore, you may choose to carry out a test linkering reaction 

with your size markers, which you can then run on a 15% denaturing gel along 

with unlinkered ATP [!-
32

P] 5’-end labeled size markers. In addition to verifying 

that the linkers are RNase free, this will allow you to visualize bands 

corresponding to the 3’-linkered small RNAs. 

8. Note that the acidic pH of the P:C:I solution is essential for extracting RNA. More 

basic P:C:I solutions ($ pH 8) will selectively extract DNA and you will lose most 

of the RNA sample. 

9. You may want to test several PCR reactions with 10, 15, 18, 20, etc. cycles to see 

the minimum number of cycles needed to see a visible product on the gel (Fig. 3). 

The fewer number of PCR cycles used to amplify your libraries, the less biased 

your libraries will be for the products that are more efficiently amplified.  

10. You may see two predominant bands on your gel – the higher band ($ 92 bp) 

corresponds to the majority of the small RNA library while the lower band ($ 65 

bp) corresponds to a linker-linker ligation product (Fig. 3). Make sure to avoid 

cutting this lower band out of the gel. 
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PART 2: Profiling miRNAs in Differentiating Th1 and Th2 Cells 

 

 

Introduction 

 

Lymphocyte effectors secrete cytokines in response to the engagement of their 

cell surface receptors by a combination of exogenously derived antigens and/or host-

encoded ligands. The specific ligands and cytokines that activate naïve lymphocytes and 

promote their maturation, in turn, determine the types of effector functions those cells 

later display. A classic example of this phenomenon is the process by which uncommitted 

T helper (Th) cells develop into Th1 and Th2 effectors via coordinated signals from 

cytokine-driven feedback loops that drive IFN-! and IL-4 expression, respectively.
21

 

Naïve cells stimulated simultaneously by IL-4, antigen, and a costimulatory signal up-

regulate Gata3 transcription through STAT6 signaling. This leads to chromatin 

remodeling that stably increases accessibility to the Il4 locus and decreases accessibility 

of the Ifng locus to transcriptional machinery.
22

 Naïve cells stimulated simultaneously by 

IFN-! or IL-12, antigen, and a costimulatory signal up-regulate T-bet in a STAT1-

dependent manner. T-bet remodels chromatin to activate gene transcription at the Ifng 

locus, while simultaneously silencing the Il4 locus.
23-25

 Th1 cells play an important role 

in cell-mediated immunity, including protection against intracellular parasites such as 

Leishmania. In contrast, Th2 cells function in extracellular immunity and provide 

important protection against helminth infections. Both effector subsets have also been 

implicated as key mediators of pathogenesis, including organ-specific autoimmunity (Th1 

cells), as well as allergy and asthma (Th2 cells). 

Extensive studies of the transcriptional networks that regulate Th1 versus Th2 

differentiation have revealed that epigenetic gene regulation underlies the lineage-
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specific expression of cytokines.
26

 In the past 5 years, microRNAs (miRNAs) have 

emerged as key components of the epigenetic landscape that establishes Th1 and Th2 

gene expression programs.
27

 miRNAs are ~22 nt noncoding RNAs that negatively 

regulate gene expression in a sequence-dependent manner.
28

 Most miRNA genes are 

transcribed by RNA polymerase II to produce a primary transcript that contains an 

imperfectly matched hairpin flanked by single-stranded RNA. Those transcripts are then 

cleaved by the Microprocessor complex, made up of Drosha and DGCR8, to produce a 

precursor miRNA that is cleaved by Dicer to produce a 21-25 nt RNA duplex with two nt 

3’ overhangs at either end. One strand of the duplex is then selectively loaded into the 

RNA-induced silencing complex that contains Argonaute and directs translational 

silencing of mRNA targets by binding the 3’ untranslated region. T cells that lack 

miRNAs due to a targeted deletion of Dicer show dramatic defects in proliferation, 

survival and effector function.
29,30

 Furthermore, Dicer-deficient CD4
+
 T cells show 

decreased proliferation and increased apoptosis upon stimulation, as well as a proclivity 

for increased IFN-! production.
29

 This aberrant cytokine expression profile is associated 

with higher Tbx21 expression in Th cells activated in non-polarizing conditions and 

relatively reduced Gata3 expression in Th cells stimulated in Th2-polarizing conditions. 

Individual miRNAs can also exert regulatory control over Th1 and Th2 gene 

expression programs. Compared to wildtype controls, Th cells harboring mutations in 

bic/miR-155 produce more IL-4, IL-5, and IL-10 and less IFN-! when stimulated in vitro 

with antibodies against CD3 and CD28.
31,32

 Aberrant cytokine production in this setting 

can be accounted for in part by dysregulated expression of the Th2 transcription factor c-

MAF, which is a direct target of miR-155. Another miRNA, miR-146a, has been shown 
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to regulate STAT1 in both regulatory and effector CD4
+
 T cells.

33
 Consequently, Th cells 

deficient in miR-146a show elevated levels of both STAT1 and IFN-! upon in vitro 

stimulation. Thus miR-146a and miR-155 may function in Th cells to restrain Th1 and 

Th2 cytokine production, respectively. 

Gene expression analysis of fully differentiated Th1 and Th2 cells reveals 

surprisingly similar miRNA expression profiles in the two cells types.
34

 One rare 

exception to this observation is the finding that miR-146a is more abundant in mouse Th1 

cells than in Th2 or naïve Th cells.
34

 To better understand the miRNA profile of actively 

differentiating Th1 and Th2 cells, we generated small RNA libraries from Th cells 

stimulated in vitro for 44 hours under Th1- or Th2-polarizing conditions. miRNA 

profiling by microarray and high-throughput sequencing at this time point revealed that 

differentiating Th1 and Th2 cells had remarkably similar miRNA expression profiles. 

Because miRNA deep sequencing provides detailed information about the relative 

contribution of individual miRNAs to overall miRNA abundance, our data provide a 

“snapshot” of abundant miRNAs that may be important drivers of Th cell differentiation.  

 

Results 

While few miRNAs are differentially expressed in polarized Th1 and Th2 cells,
34

 

little is known about the miRNA expression profiles of activated Th cells in the process 

of differentiating into effector subsets. To this end, we activated CD4
+
 T cells for 44 

hours in vitro with anti-CD3 and anti-CD28 antibodies in Th1- or Th2-polarizing 

conditions and collected RNA for miRNA analysis by microarray (Fig. 1A). miRNA 

expression levels in cells stimulated in Th1- or Th2-polarizing conditions were strongly 
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correlated (r = 0.986), and ~70 mature miRNAs showed significant differential 

expression between the two culture conditions when using a false discovery rate of 5% 

(Table S1). Equal proportions of these differentially expressed miRNAs showed higher 

abundance in Th1 and Th2 cultures; none showed greater than a two-fold expression 

difference. Consistent with data from fully differentiated Th1 and Th2 cells, miR-146a 

already showed significantly higher expression in cells stimulated for just 44 hours in 

Th1 as compared to Th2 culture conditions. Th cells stimulated in Th1 conditions also 

showed higher expression of miR-155, miR-31, and miR-211. Th cells stimulated in Th2 

conditions showed higher expression of some miRNAs from the miR-23b~27b~24-1 

cluster, including miR-23b and miR27b. Note that array data were quantile normalized to 

compare expression of each miRNA relative to all other miRNAs, so these experiments 

cannot detect global changes in miRNA expression between cell populations.  

miRNA expression results were further validated by deep sequencing of small 

(18-30 nt) RNAs from one of the paired CD4
+
 T cell samples used for microarray 

analysis (Fig. 1B and Fig. S1). miRNA content of the Th1 and Th2 libraries was 

determined by mapping small RNA reads to pre-miRNA hairpin sequences, which 

contain the mature miRNA, the complementary miRNA
*
, and a connecting loop 

sequence. Consistent with observations from miRNA microarrays, miRNA sequencing 

libraries from Th1 and Th2 cultures showed strong correlation (r = 0.958). The slight 

reduction in the Pearson correlation coefficient observed with sequencing as compared to 

microarray profiling is likely due to a combination of sequence length variation and 

sequencing errors often observed in Solexa sequencing.
35

 For this reason, Solexa 

sequencing has reduced reproducibility and sensitivity than miRNA profiling by Exiqon 
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Figure 1. microRNA profile of T helper cells stimulated for 44 hours in Th1- or Th2-

polarizing conditions  
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(A) Microarray comparison of miRNA expression patterns in CD4
+
 T cells. Gray dots 

show average log2 hybridization fluorescence intensity values for quantile-normalized 

data from three independent T cell samples. Black circles indicate miRNAs differentially 

expressed in cell stimulated in Th1 and Th2 culture conditions (FDR<0.05). (B) miRNA 

read counts from T cell sequencing libraries. Dots indicate number of reads from each 

library that mapped perfectly to pre-miRNA hairpin sequences. Counts are shown per 

million genome-mapped sequence reads in each library. (C) Differential expression of 

miRNAs from Th cells cultured in Th1 versus Th2 conditions and measured by miRNA 

microarray (y-axis) or small RNA sequencing (x-axis). Identical RNA samples were used 

for miRNA expression profiling by both methods. (D) qRT-PCR analysis of miRNA 

expression from Th cells activated in Th1 or Th2 conditions. Data were normalized to U7 

snRNA and expressed relative to miRNA measurements from Th cells activated in Th2 

culture conditions. Columns show mean ± SEM (three independent experiments). * P % 

0.05 Student’s paired, one-tailed t test. 
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arrays. Several miRNA expression trends observed by microarray profiling were also 

seen by deep sequencing. These include the relative up-regulation of miR-31 and miR-

146a in Th1 cultures and the up-regulation of the miR-23b~27b~24-1 cluster in Th2 

cultures. In contrast to microarray expression data, deep sequencing analysis showed 

equal expression of miR-155 and miR-211 in both libraries and a striking (25-fold) up-

regulation of miR-147 in Th1 cells. Comparison of Th1 and Th2 miRNA expression 

differences in microarray versus deep sequencing data sets revealed relatively increased 

miR-146a, miR-31, and miR-147 expression and decreased miR-23b and miR-27b in Th1 

conditions by both methods (Fig. 1C). Only 55% of miRNAs showed the same trend of 

up- or down-regulation in Th1 versus Th2 conditions by both methods. Interestingly, 

several miRNAs, such as miR-19a and miR-10a, showed much larger differential 

expression by sequencing than microarray. Up-regulation of miR-146a, miR-155, and 

miR-31 in Th1 conditions was confirmed by quantitative real time PCR (Fig. 1D). 

Further experiments are required to validate if other miRNAs and miRNA clusters are 

differentially expressed in Th1 and Th2 culture libraries and if different findings in 

microarray versus deep sequencing data result from a technical bias of the method or a 

bona fide difference in miRNA expression.   

Given the relatively few miRNAs differentially expressed in Th1 and Th2 cell 

cultures and the small magnitude of these expression differences, we hypothesized that 

specific miRNAs equally abundant in Th1 and Th2 cells may nonetheless have unique 

requirements in promoting Th1 or Th2 gene expression programs. We thus sought to 

define an appropriate set of miRNAs expressed at the 44 hour activation time point that 

could be screened for effects on Th effector functions like proliferation and cytokine 
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secretion. To this end we combined the small RNA Th1 and Th2 libraries and chose 110 

highly expressed miRNAs (Fig. 2A; Table S2). All chosen miRNAs had at least 100 

reads per million total reads from each sequencing library. Only six miRNAs (let-7f, 

miR-191, miR-24, miR-142-5p, miR-16, and miR-142-3p) made up ~50% of the total 

miRNA pool in 44-hour activated CD4
+
 T cells (Table S2). This observation is consistent 

with previous studies that found these miRNAs to be highly expressed in other 

hematopoietic lineages.
34,36

 The remaining 50% of the library was made up of a highly 

diverse set of 170 miRNAs. 

In addition to providing quantitative information about overall miRNA 

abundance, deep sequencing allows for the accurate discrimination of miRNA family 

members sharing the same seed sequence. This approach proved useful for distinguishing 

the four miR-29 family members, miR-29a, miR-29b-1, miR-29b-2 and miR-29c. miR-

29a and miR-29b-1 are transcribed from a locus on chromosome 6 whereas 29b-2 and 

29c are transcribed from chromosome 1 (Fig. 2B). Note that miR-29b sequence reads 

map to both miR-29b-1 and miR-29b-2 because they share identical mature miRNA 

sequences; however, the two different miR-29b genes are distinguishable by different 

miR-29b
*
 sequences as well as the linked miR-29a or miR-29c sequences. The paucity of 

miR-29b-2
*
 and miR-29c sequences suggest that Th cells have little transcription from 

the chromosome 1 miR-29 locus (Fig. 2B and Table S2). Instead, most of the sequenced 

miR-29b reads likely derive from miR-29b-1 on chromosome 6. This interpretation is 

further supported by the abundance of miR-29a, which is transcriptionally coregulated 

with miR-29b-1 at the same chromosome region. Thus miR-29a and miR-29b were 

included in our final set of abundantly expressed Th cell miRNAs while miR-29c was 
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Figure 2. Deep sequencing analysis of abundantly expressed miRNAs in Th cells 

stimulated in vitro for 44 hours 
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(A) Identification of abundantly expressed miRNAs in CD4
+
 T cells activated for 44 

hours in Th1 or Th2 culture conditions. Shaded region indicates miRNAs that contained 

at least 100 sequences per million total reads from libraries derived from independent 

Th1 and Th2 culture sequencing libraries. Unshaded region represents all miRNAs 

sequenced at least once. Bars show average frequency of each miRNA among all 

genome-matching small RNAs sequenced from Th1 and Th2 libraries. (B) Small RNA 

reads mapping to miR-29 sequence clusters on chromosome 1 and 6. Read numbers were 

obtained from Th1 and Th2 sequencing libraries and represent only perfect matches to 

pre-miR-29 hairpins. Note that miR-29b sequence reads map to both miR-29b-1 and miR-

29b-2 because they share identical mature miRNA sequences; however, the 

transcriptionally active miR-29b genes are distinguished by unique miR-29b* sequences 

as well as the presence of coregulated miR-29a or miR-29c sequences.   
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excluded (Fig. 2A). Both the abundance and the temporal expression of this set of 

miRNAs recommends them as appropriate candidates for factors that may influence post-

transcriptional regulation of Th1 and Th2 gene expression programs.  

 

Discussion 

 Using both miRNA microarrays and high-throughput sequencing, we have 

characterized the miRNA expression profile of Th cells that have been activated for 44 

hours in Th1 and Th2 culture conditions. At this time point, cells from Th1 and Th2 

cultures re-stimulated with PMA and ionomycin respectively show differential 

expression of lineage-specific cytokines, yet cells are not fully committed to becoming 

Th1 or Th2 effectors. Thus, miRNAs expressed at this time point may influence the 

establishment and not just the maintenance of Th1 and Th2 effector subtypes. The 

importance of epigenetic gene regulation in actively proliferating Th cells is underscored 

by the observation that many mRNAs switch to shorter 3’UTR usage at 48 hours after 

TCR stimulation.
37

 Consistent with profiling experiments in fully differentiated Th1 and 

Th2 clones,
34

 Th cells activated in Th1 and Th2 culture conditions showed remarkably 

comparable miRNA expression profiles at 44 hours of activation. Preliminary results 

suggest that miR-146a, miR-31, and miR-155 are more highly up-regulated in cells 

cultured in Th1- compared to Th2-polarizing conditions. Given the relatively subtle 

differences in miRNA expression observed here, we speculated that differential 

expression was unlikely to identify all the miRNAs that uniquely influence Th1 versus 

Th2 fate decisions. Thus we combined miRNA sequencing libraries from differentiating 
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Th1 and Th2 cultures and used those to define a set of abundant miRNAs expressed at the 

right time to influence early events in Th1 and Th2 differentiation. 

 Of the miRNAs we found to be differentially expressed in differentiating Th1 

versus Th2 cells, two of them, miR-146a and miR-155, have well defined roles in 

modulating Th effector functions. miR-146a is one of the only miRNAs previously found 

to have higher expression in mouse Th1 than Th2 cells.
34

 miR-146a is induced by NF-

&B,
38

 which may explain its rapid up-regulation upon T cell receptor (TCR) stimulation 

and its increased miR-146a expression in Th1 cultures within just 44 hours after T cell 

stimulation. In innate immune cells, miR-146a has been shown to negatively regulate 

Toll-like receptor (TLR)-4-dependent induction of NF-&B by decreasing levels of IRAK1 

and TRAF6.
38

 Interestingly, miR-146a also appears to have a dampening effect on Th1 

differentiation. Mice deficient in miR-146a have an increased frequency of IFN-!-

producing T cells, a phenotype that is mediated in large part by increased STAT1, a 

direct miR-146a target.
33

 Thus miR-146a appears to function in negative feedback loops 

that buffer NF-&B and Th1 signaling. Like miR-146a, miR-155 is also induced upon T 

cell antigen receptor (TCR) stimulation.
39

 Yet unlike miR-146a, miR-155 promotes Th1 

differentiation by decreasing levels of Th2 genes such as c-MAF.
32

 One previous report 

found that miR-155 was more highly expressed in stimulated Th2 than Th1 cells, 

although it is unclear for how long the cells had been stimulated, thus making it difficult 

to interpret these results in light of our current findings.  

 miRNA profiling experiments revealed that miR-31 and miR-147, two miRNAs 

not previously associated with Th cell differentiation, were more highly expressed in 

Th1- than Th2-polarized cultures. In humans, miR-31 is reduced in CD4
+
 T regulatory 
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(Treg) cells compared to other CD4
+
 T cell populations.

40
 In this setting, miR-31 may 

inhibit natural Treg differentiation by directly targeting the transcriptional regulator 

FOXP3. In mouse, miR-31 is induced in splenocytes isolated from several different 

mouse models of lupus, a predominantly Th1-driven disease.
41

 miR-31 is also strongly 

up-regulated in the peripheral blood of Il10
–/–

 mice, which are a model of Th1-mediated 

inflammatory bowel disease.
42

 Thus, miR-31 expression patterns suggest a role in 

modulating Th1-driven inflammation. Although little is known about miR-147 function 

in T cells, studies in macrophages suggest that, similar to miR-146a, miR-147 is induced 

by NF-&B upon TLR stimulation.
43

 Once expressed, miR-147 limits TLR-induced 

inflammatory cytokine production by a yet unknown mechanism. Like miR-146a in Th1 

cells, miR-147 may function as part of a negative feedback loop to limit excessive 

inflammatory cytokine production.  

 After our miRNA profiling experiments were complete, a study by Kuchen et al. 

reported extensive miRNA profiling of hematopoietic cells, including differentiated 

mouse Th1 and Th2 cells, by high-throughput sequencing.
44

 Consistent with our findings, 

Kuchen et al. observed striking increases in miR-146a and miR-147 and moderate 

increases in miR-155 and miR-31 in Th1 compared to Th2 cells. In contrast to our 

findings, the authors did not report differential expression of the 23b~27b~24-1 cluster in 

Th2 cells. This discrepancy may reflect a difference in the miRNA expression profile of 

actively differentiating versus fully differentiated cells. Further studies are required to 

determine if this cluster affects Th2 effector functions and/or if it or any other miRNAs 

are preferentially up-regulated over the course of Th2 differentiation.  
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 Although differential expression may identify some miRNAs that affect Th1 and 

Th2 differentiation, it is unlikely that this approach will uncover all miRNAs that 

influence Th fate decisions. We therefore sought to define an appropriate set of 

abundantly expressed Th miRNAs that could be used for an unbiased functional screen. 

This set, which was chosen based on abundant expression in 44-hour activated Th cell 

cultures, served as the basis for a screen of miRNAs that could rescue aberrant effector 

phenotypes in DGCR8-deficient CD4
+
 T cells.

45
 Like Dicer-deficient cells, which also 

lack miRNAs, DGCR8-deficient T cells exhibit abnormally elevated IFN-! production 

and decreased proliferation. In this screen, carboxyfluorescein diacetate succinimidyl 

ester (CFSE)-labeled DGCR8-deficient T cells were activated in vitro with anti-CD3 and 

anti-CD28 antibodies, transfected with individual miRNAs after 24 hours, returned to 

stimulus for an additional 40 hours, and then cultured in media containing IL-2. 

Proliferation was measured by CFSE dilution on the fourth day, and the remaining cells 

were transfected again prior to cytokine analysis to overcome miRNA turnover and 

dilution. Our small RNA deep sequencing libraries from 44-hour activated Th cells 

provided a relevant “snapshot” of the miRNAs present near the time of miRNA 

introduction. This approach revealed that multiple members of the miR-17 and miR-92 

families enhanced miRNA-deficient T cell proliferation, whereas miR-29 largely 

corrected their aberrant IFN-! production. The effect of miR-29 on cytokine production 

was regulated in large part by the down-regulation of the T-box transcription factors T-

bet and Eomes. Interestingly, this screen revealed that miR-146a and miR-31 also 

decreased IFN-! production in Dgcr8
–/– 

T cells (miR-147a was not included in the 

cytokine screen due to adverse effects on cell proliferation and viability). A similar 
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screen carried out in Dgcr8
–/– 

Tbx21
–/– 

T cells identified miRNAs that alter IL-4 

expression (D. Steiner, personal communication). In this context, miR-24 and miR-27b 

strongly down-regulated IL-4 expression and, to a lesser extent, so did miR-146a and 

miR-23a. Taken together, it appears that miR-31 and members of the miR-23b~27b~24-1 

cluster respectively dampen Th1 and Th2 gene expression programs while miR-146a may 

buffer both effector fates.  

 Our miRNA profiling studies add to a growing body of work showing that few 

miRNAs are differentially expressed in differentiating and fully differentiated Th1 and 

Th2 cells.
34,44

 This is a surprising pattern given the dramatic effector defects observed in 

miRNA-deficient T cells and the importance of epigenetic gene regulation in Th lineage 

specification. How can miRNAs expressed at comparable levels in Th1 and Th2 cells 

nonetheless have unique requirements in Th1 and Th2 fate decisions? The answer likely 

reflects the abundance of specific miRNA targets in these respective lineages. Individual 

miRNAs have been shown, on average, to modestly affect the stability and translation of 

hundreds of target mRNAs.
46,47

 Yet the degree of miRNA-mediated repression, even for 

individual species, can vary dramatically in different cell types. This observation is 

explained in part by the finding that gene regulation by miRNAs establishes a threshold 

level of target mRNAs.
48

 When mRNA levels fall below this threshold, protein 

production is highly repressed, while mRNA levels near this threshold lead to protein 

expression that is exquisitely sensitive to target mRNA input. Thus a miRNA can act as a 

fine-tuner or a switch of mRNA expression based on target transcript abundance in a 

specific cell type. In addition to affecting miRNA activity, mRNA abundance can 

additionally influence steady-state levels of mature miRNAs. Indeed, ectopic 
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overexpression of target cognate mRNAs can lead to a corresponding down-regulation of 

mature miRNAs, suggesting that mRNAs may act like sponges that compete for miRNA 

binding.
44

 It follows that if T-bet and Eomes are more highly expressed in Th1 than Th2 

cells, the steady-state levels of miR-29a and miR-29b may appear lower in Th1 cells than 

would be predicted based on miR-29 precursor frequency. Thus, although we measure 

similar levels of miR-29a and miR-29b in Th1 and Th2 cells, this number may 

underrepresent the true miR-29 abundance in these cell types. Similarly, subtle 

differences observed in steady-state miR-147, miR-31, miR-23b, and miR-27b levels in 

Th1 versus Th2 cells may actually mask much larger differences in their silencing 

activity. The complexity that mRNA target abundance contributes to understanding 

miRNA activity is further complicated by the fact that proliferating T cells express many 

mRNAs with shortened 3’ UTRs that are not subject to miRNA-mediated repression.
37

  

miRNA profiling by microarray and high-throughput sequencing remains an 

effective way of identifying biologically relevant sets of miRNAs that impact particular 

biological process, such as cell differentiation. Yet because target transcript abundance so 

strongly influences the silencing activity of individual miRNAs, miRNA profiles need to 

be interpreted in the context of a cell’s mRNA profile. As they become more widely 

used, high-throughput sequencing techniques like HITS-CLIP and PAR-CLIP will offer 

powerful methods for empirically identifying which transcripts are subject to repression 

by all cellular miRNAs or select miRNAs in a given cell type.  
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Methods 
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9=45=!4>!I=6!;6:56/I.H6!8O!O.D>6DE!065D.:60!04OO6:6/I4.DDE!6M;:6>>60!H6/6>!.38/H!I=6!

>6I!8O!065D.:60!04OO6:6/I4.DDE!6M;:6>>60!H6/6>T!9.>!5.D5<D.I60!.>!06>5:4B60!

;:6C48<>DE?#Y!!

Deep Sequencing. Purified CD4
+
 T cells from ICR/B6 mice were activated for 44 hours 

under Th1 or Th2 conditions. Total RNA was isolated using miRNeasy kit (Qiagen). 

Small (18-30 bp) RNA libraries were constructed as described previously
53

 and samples 

were sequenced on an Illumina 1G Genome Analyzer. Adaptor sequences were trimmed 

from sequence reads as described previously.
54

 All adaptor-extracted reads 15-30 nt in 

length were mapped to the mouse genome (UCSC mm8 assembly), and only sequences 

with perfect matches to the genome were used for further analysis. Mouse scRNA, 

snRNA, srpRNA, and rRNA sequences annotations were compiled from the UCSC 

genome browser RepeatMasker track,
55

 and miRNA sequences were annotated using the 

miRanalzyer online database 

(http://web.bioinformatics.cicbiogune.es/microRNA/miRanalyser.php).
19

 Where 

indicated, miRNA sequences were annotated by directly mapping sequences to pre-

miRNA hairpins (miRBase version 14.0). Mouse tRNA annotations were compiled from 

the Lowe lab tRNA database website (http://lowelab.ucsc.edu/GtRNAdb/credits-

citation.html),
56

 and mouse snoRNA annotations were compiled as described 

previously.
57

 For the purpose of graphing non-zero data on a log-scale plot, small values 

(10
–7

) were added to all reads/million miRNA counts. 

Quantitative real time PCR. Total RNA was isolated with Trizol (Invitrogen). The 

NCode miRNA kit (Invitrogen) was used to polyadenylate and reverse transcribe small 

RNAs. Quantitative PCRs were performed with FastStart Universal SYBR Green Master 
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Mix (Roche), a universal reverse primer, and RNA-specific forward primers for U7 

snRNA (GCAGGTTTTCTGACTTCGGTCG) and for miRNAs, which contained 

identical sequences as the mature miRNA. All PCRs were completed on a LightCycler 

480 using U7 snRNA as a reference for relative quantification with the 'Ct method.  
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Table S1. microRNAs measured by microarray and found to be differentially 

expressed in Th cells activated in Th1 or Th2 culture conditions (FDR < 0.05). 

!

 

Th2 culture 

(Log2) 

Th1 Culture 

(Log2) 

Th2 vs. Th1 

(fold change) 

mmu-miR-146a 8.448 9.674 0.427501089 

mmu-miR-211 6.573 7.771 0.43587912 

mmu-miR-485* 6.792 7.948 0.448755025 

mmu-miR-34b-3p 6.691 7.835 0.452503231 

mmu-miR-434-3p 6.264 7.384 0.460093825 

mmu-miR-412 6.482 7.581 0.466839972 

mmu-miR-99b* 6.541 7.572 0.489370825 

mmu-miR-204 6.309 7.275 0.51192345 

mmu-miR-764-5p 6.611 7.492 0.542990928 

mmu-miR-698 6.46 7.297 0.559806444 

mmu-let-7c-1* 6.286 7.079 0.577142709 

mmu-let-7a* 6.26 7.032 0.585605091 

mmu-miR-335-3p 6.835 7.592 0.591725511 

mmu-miR-129-5p 6.303 7.039 0.600401714 

mmu-miR-469 6.153 6.849 0.617281303 

mmu-miR-346 6.174 6.844 0.628506687 

mmu-miR-1196 7.952 8.588 0.643494624 

mmu-miR-369-5p 6.158 6.77 0.654289036 

mmu-miR-615-3p 6.178 6.748 0.673616788 

mmu-miR-29c* 6.387 6.943 0.680185426 

mmu-miR-411* 6.061 6.608 0.684441907 

mmu-miR-654-3p 6.005 6.549 0.685866644 

mmu-miR-26b* 6.474 7.018 0.685866644 

mmu-miR-675-3p 5.996 6.537 0.687294348 

mmu-miR-207 6.594 7.125 0.692074858 

mmu-miR-146b 7.362 7.892 0.692554734 

mmu-miR-683 6.204 6.728 0.695440986 

mmu-let-7d* 7.072 7.588 0.699308041 

mmu-miR-138* 6.252 6.765 0.700763725 

mmu-miR-155 11.644 12.15 0.704172113 

mmu-miR-154 5.986 6.489 0.705637922 

mmu-miR-181a-2* 6.206 6.702 0.709070018 

mmu-miR-196b 6.102 6.594 0.711038705 

mmu-miR-31 7.677 8.162 0.71449707 

mmu-miR-468 6.399 6.883 0.714992493 

mmu-miR-218-1* 6.164 6.638 0.719965659 



! 52!

mmu-miR-488 6.167 6.622 0.729510172 

mmu-miR-504 6.173 6.625 0.731028724 

mmu-miR-199b* 5.981 6.416 0.739693755 

mmu-miR-431* 5.95 6.382 0.741233505 

mmu-miR-302c* 6.122 6.545 0.745872013 

mmu-miR-1193 5.983 6.406 0.745872013 

mmu-miR-221 7.288 7.71 0.746389192 

mmu-miR-744* 6.658 7.068 0.752623374 

mmu-miR-337-3p 5.839 6.229 0.763129604 

mmu-miR-574-3p 7.102 7.476 0.771640088 

mmu-miR-467b* 6.63 6.993 0.777546036 

mmu-miR-329 5.975 6.333 0.78024548 

mmu-miR-29a 10.366 10.719 0.782954296 

mmu-miR-145 5.914 6.264 0.784584098 

mmu-miR-197 6.991 7.34 0.785128119 

mmu-miR-343 5.993 6.338 0.787307977 

mmu-miR-328 7.371 7.708 0.791685866 

mmu-miR-299* 6.398 6.72 0.799960128 

mmu-miR-433 5.914 6.235 0.800514811 

mmu-miR-99b 6.706 6.424 1.215879283 

mmu-miR-19a* 6.063 5.743 1.248330549 

mmu-miR-466c-5p 6.898 6.57 1.255271991 

mmu-miR-467d 5.957 5.621 1.262252032 

mmu-miR-301b 8.655 8.317 1.264003098 

mmu-miR-101b 7.807 7.466 1.266634254 

mmu-miR-378* 6.786 6.442 1.269270886 

mmu-miR-297c 5.997 5.652 1.270150983 

mmu-miR-501-3p 6.819 6.474 1.270150983 

mmu-miR-466h 6.467 6.122 1.270150983 

mmu-miR-324-5p 7.387 7.04 1.271913007 

mmu-miR-770-5p 6.154 5.804 1.274560627 

mmu-miR-491 6.804 6.446 1.281647924 

mmu-miR-150* 6.62 6.26 1.283425898 

mmu-miR-466f 6.778 6.409 1.29145735 

mmu-miR-22* 6.535 6.161 1.295940965 

mmu-miR-15a 7.302 6.922 1.301341855 

mmu-miR-219 7.043 6.662 1.30224419 

mmu-miR-139-5p 6.638 6.256 1.303147149 

mmu-miR-130a 6.586 6.204 1.303147149 

mmu-miR-330* 6.563 6.176 1.307671349 

mmu-miR-466f-5p 6.495 6.094 1.320422841 
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mmu-miR-27b 9.271 8.869 1.321338406 

mmu-miR-874 6.526 6.115 1.329607108 

mmu-miR-342-5p 7.274 6.862 1.330529041 

mmu-let-7g* 6.599 6.175 1.341642225 

mmu-miR-28 6.922 6.494 1.345367209 

mmu-miR-691 6.464 6.03 1.350974085 

mmu-miR-126-3p 6.439 5.998 1.35754498 

mmu-miR-703 6.35 5.909 1.35754498 

mmu-miR-23b 10.791 10.345 1.362258035 

mmu-miR-193* 6.559 6.107 1.367935304 

mmu-miR-181c 6.921 6.452 1.384149716 

mmu-let-7e 7.177 6.68 1.411275843 

mmu-miR-497 6.167 5.665 1.416175438 

mmu-miR-195 6.704 6.178 1.439931319 

mmu-miR-24-1* 6.459 5.889 1.484523571 

mmu-miR-503 6.559 5.986 1.487613762 

mmu-miR-27b* 6.843 6.256 1.502119927 

mmu-miR-33 6.246 5.655 1.506290467 
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Table S2. miRNA sequencing reads in activated Th cells cultured in Th1- or Th2-

polarizing conditions.  

 

 % total library reads  % total miRNA reads 

 Th1 Th2 Avg  Th1 Th2 Avg 

        

let-7f 2.4818 2.6527 2.5673  11.5134 10.0275 10.7704 

miR-191 2.0450 2.4461 2.2455  9.4868 9.2464 9.3666 

miR-24 0.8371 3.4364 2.1367  3.8832 12.9897 8.4365 

miR-142-5p 2.2295 1.1897 1.7096  10.3429 4.4974 7.4201 

miR-16 1.2582 2.3120 1.7851  5.8370 8.7396 7.2883 

miR-142-3p 0.4999 2.1191 1.3095  2.3191 8.0106 5.1648 

let-7i 1.3960 0.5926 0.9943  6.4763 2.2399 4.3581 

miR-146a 0.9573 0.4746 0.7159  4.4410 1.7940 3.1175 

miR-15b 0.6492 0.8001 0.7247  3.0119 3.0244 3.0182 

let-7d 0.8374 0.5003 0.6688  3.8846 1.8910 2.8878 

miR-7a 1.0568 0.1115 0.5841  4.9026 0.4213 2.6620 

miR-423-3p 0.5412 0.5911 0.5662  2.5107 2.2345 2.3726 

miR-19b 0.1540 1.0273 0.5907  0.7145 3.8835 2.2990 

let-7a 0.4629 0.5500 0.5064  2.1472 2.0790 2.1131 

miR-378 0.4378 0.5635 0.5006  2.0308 2.1300 2.0804 

miR-22 0.4777 0.3745 0.4261  2.2161 1.4156 1.8159 

miR-15a 0.4120 0.4189 0.4155  1.9114 1.5837 1.7475 

miR-181a 0.3845 0.4118 0.3981  1.7835 1.5565 1.6700 

miR-425 0.4334 0.3132 0.3733  2.0105 1.1840 1.5973 

miR-150 0.1572 0.6359 0.3965  0.7291 2.4036 1.5664 

miR-744 0.3475 0.2707 0.3091  1.6120 1.0233 1.3177 

miR-29b 0.2935 0.3212 0.3074  1.3618 1.2141 1.2879 

let-7c 0.2458 0.3292 0.2875  1.1401 1.2444 1.1923 

let-7g 0.2708 0.2709 0.2709  1.2565 1.0242 1.1403 

miR-29a 0.2402 0.2297 0.2350  1.1145 0.8683 0.9914 

miR-155 0.1941 0.2095 0.2018  0.9003 0.7921 0.8462 

miR-19a 0.0361 0.2969 0.1665  0.1675 1.1223 0.6449 

miR-106b 0.1200 0.1851 0.1525  0.5565 0.6997 0.6281 

miR-423-5p 0.1503 0.1123 0.1313  0.6975 0.4247 0.5611 

miR-26a 0.1033 0.1094 0.1063  0.4792 0.4134 0.4463 

let-7b 0.0882 0.1256 0.1069  0.4091 0.4746 0.4419 

miR-467e 0.0853 0.1122 0.0987  0.3955 0.4241 0.4098 

miR-18a 0.1084 0.0813 0.0948  0.5030 0.3072 0.4051 

miR-21 0.0481 0.1316 0.0898  0.2232 0.4973 0.3603 

miR-103 0.0892 0.0755 0.0823  0.4136 0.2853 0.3495 

miR-17 0.0694 0.0989 0.0841  0.3219 0.3738 0.3478 
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miR-93 0.0572 0.1096 0.0834  0.2652 0.4142 0.3397 

miR-363 0.0730 0.0900 0.0815  0.3386 0.3401 0.3393 

miR-148a 0.0912 0.0566 0.0739  0.4230 0.2138 0.3184 

miR-27b 0.0421 0.0969 0.0695  0.1953 0.3661 0.2807 

miR-182 0.0581 0.0705 0.0643  0.2694 0.2665 0.2679 

miR-185 0.0683 0.0368 0.0525  0.3169 0.1390 0.2280 

miR-183 0.0451 0.0610 0.0530  0.2090 0.2305 0.2197 

miR-130b 0.0436 0.0470 0.0453  0.2021 0.1775 0.1898 

miR-484 0.0259 0.0669 0.0464  0.1203 0.2530 0.1866 

miR-148b 0.0447 0.0387 0.0417  0.2073 0.1462 0.1767 

miR-30b 0.0323 0.0474 0.0399  0.1499 0.1792 0.1646 

miR-106a 0.0289 0.0471 0.0380  0.1340 0.1782 0.1561 

miR-25 0.0213 0.0564 0.0389  0.0990 0.2132 0.1561 

miR-652 0.0277 0.0484 0.0380  0.1283 0.1829 0.1556 

miR-27a 0.0170 0.0533 0.0352  0.0790 0.2016 0.1403 

miR-374 0.0183 0.0509 0.0346  0.0851 0.1923 0.1387 

miR-467c 0.0155 0.0450 0.0303  0.0719 0.1701 0.1210 

miR-30d 0.0239 0.0347 0.0293  0.1107 0.1312 0.1209 

miR-20a 0.0178 0.0409 0.0293  0.0827 0.1544 0.1186 

miR-23a 0.0129 0.0450 0.0290  0.0599 0.1702 0.1151 

miR-296-3p 0.0249 0.0286 0.0268  0.1156 0.1081 0.1119 

miR-872 0.0360 0.0137 0.0248  0.1669 0.0516 0.1093 

miR-720 0.0187 0.0341 0.0264  0.0868 0.1289 0.1078 

miR-96 0.0108 0.0400 0.0254  0.0500 0.1511 0.1006 

miR-98 0.0268 0.0177 0.0223  0.1244 0.0670 0.0957 

miR-30c 0.0213 0.0229 0.0221  0.0986 0.0864 0.0925 

miR-30e 0.0186 0.0249 0.0218  0.0863 0.0941 0.0902 

miR-181c 0.0189 0.0242 0.0216  0.0877 0.0915 0.0896 

miR-186 0.0166 0.0243 0.0205  0.0772 0.0918 0.0845 

miR-31 0.0261 0.0091 0.0176  0.1212 0.0344 0.0778 

miR-500 0.0235 0.0102 0.0168  0.1090 0.0384 0.0737 

miR-28 0.0113 0.0249 0.0181  0.0526 0.0940 0.0733 

miR-467d 0.0085 0.0270 0.0177  0.0392 0.1022 0.0707 

miR-342-3p 0.0089 0.0263 0.0176  0.0414 0.0993 0.0704 

miR-132 0.0081 0.0255 0.0168  0.0374 0.0962 0.0668 

miR-340-5p 0.0156 0.0156 0.0156  0.0722 0.0590 0.0656 

miR-322 0.0108 0.0206 0.0157  0.0502 0.0780 0.0641 

miR-20b 0.0080 0.0233 0.0156  0.0371 0.0880 0.0625 

miR-320 0.0176 0.0106 0.0141  0.0817 0.0402 0.0610 

miR-467a 0.0072 0.0228 0.0150  0.0335 0.0863 0.0599 
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miR-32 0.0118 0.0164 0.0141  0.0548 0.0621 0.0585 

miR-194 0.0112 0.0169 0.0140  0.0519 0.0639 0.0579 

miR-181b 0.0101 0.0155 0.0128  0.0471 0.0585 0.0528 

miR-210 0.0095 0.0145 0.0120  0.0442 0.0546 0.0494 

miR-141 0.0119 0.0114 0.0117  0.0554 0.0431 0.0493 

miR-151-3p 0.0097 0.0140 0.0119  0.0451 0.0531 0.0491 

miR-92a 0.0068 0.0175 0.0122  0.0316 0.0663 0.0490 

miR-126-3p 0.0054 0.0177 0.0116  0.0250 0.0670 0.0460 

miR-193 0.0073 0.0149 0.0111  0.0337 0.0564 0.0450 

miR-26b 0.0088 0.0098 0.0093  0.0406 0.0371 0.0388 

miR-101b 0.0067 0.0104 0.0085  0.0310 0.0392 0.0351 

miR-298 0.0127 0.0029 0.0078  0.0590 0.0111 0.0350 

miR-700 0.0072 0.0094 0.0083  0.0332 0.0354 0.0343 

miR-669c 0.0062 0.0100 0.0081  0.0289 0.0380 0.0334 

miR-140 0.0057 0.0106 0.0081  0.0262 0.0401 0.0332 

miR-674 0.0072 0.0085 0.0078  0.0335 0.0319 0.0327 

miR-421 0.0096 0.0053 0.0074  0.0446 0.0199 0.0323 

miR-23b 0.0024 0.0118 0.0071  0.0111 0.0448 0.0280 

miR-361 0.0054 0.0068 0.0061  0.0252 0.0257 0.0254 

miR-296-5p 0.0018 0.0109 0.0064  0.0085 0.0414 0.0249 

miR-342-5p 0.0056 0.0046 0.0051  0.0261 0.0173 0.0217 

miR-181d 0.0030 0.0076 0.0053  0.0140 0.0289 0.0215 

miR-297a 0.0056 0.0043 0.0049  0.0258 0.0162 0.0210 

miR-128 0.0052 0.0045 0.0049  0.0242 0.0171 0.0207 

miR-33 0.0028 0.0066 0.0047  0.0130 0.0250 0.0190 

miR-212 0.0035 0.0055 0.0045  0.0164 0.0206 0.0185 

miR-339-3p 0.0030 0.0050 0.0040  0.0140 0.0189 0.0165 

miR-532-5p 0.0024 0.0051 0.0038  0.0113 0.0194 0.0153 

miR-328 0.0023 0.0051 0.0037  0.0105 0.0193 0.0149 

miR-18b 0.0020 0.0053 0.0037  0.0094 0.0202 0.0148 

miR-101a 0.0027 0.0044 0.0036  0.0127 0.0167 0.0147 

miR-151-5p 0.0026 0.0035 0.0030  0.0119 0.0133 0.0126 

miR-99b 0.0016 0.0034 0.0025  0.0073 0.0130 0.0101 

miR-669a 0.0018 0.0029 0.0024  0.0085 0.0109 0.0097 

miR-147 0.0041 0.0000 0.0020  0.0190 0.0000 0.0095 

miR-805 0.0020 0.0026 0.0023  0.0093 0.0097 0.0095 

miR-192 0.0015 0.0031 0.0023  0.0069 0.0118 0.0094 

miR-107 0.0029 0.0010 0.0020  0.0136 0.0039 0.0087 

miR-200c 0.0017 0.0025 0.0021  0.0077 0.0096 0.0087 

miR-326 0.0012 0.0030 0.0021  0.0057 0.0113 0.0085 
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miR-144 0.0030 0.0007 0.0019  0.0140 0.0027 0.0084 

miR-669f 0.0005 0.0037 0.0021  0.0025 0.0141 0.0083 

miR-466g 0.0025 0.0013 0.0019  0.0114 0.0049 0.0082 

miR-301a 0.0015 0.0024 0.0020  0.0071 0.0091 0.0081 

miR-149 0.0014 0.0023 0.0019  0.0066 0.0087 0.0077 

miR-501-3p 0.0019 0.0015 0.0017  0.0086 0.0056 0.0071 

miR-1198 0.0012 0.0022 0.0017  0.0056 0.0081 0.0068 

miR-350 0.0010 0.0021 0.0016  0.0046 0.0080 0.0063 

miR-324-5p 0.0011 0.0019 0.0015  0.0049 0.0072 0.0061 

miR-297b-5p 0.0013 0.0016 0.0014  0.0059 0.0059 0.0059 

miR-339-5p 0.0000 0.0029 0.0014  0.0000 0.0109 0.0054 

miR-449a 0.0018 0.0006 0.0012  0.0083 0.0024 0.0054 

miR-29c 0.0016 0.0009 0.0012  0.0074 0.0033 0.0053 

miR-532-3p 0.0008 0.0018 0.0013  0.0036 0.0069 0.0052 

miR-450a-5p 0.0008 0.0015 0.0011  0.0036 0.0058 0.0047 

miR-671-5p 0.0006 0.0016 0.0011  0.0028 0.0060 0.0044 

miR-466k 0.0006 0.0016 0.0011  0.0028 0.0059 0.0044 

miR-335-5p 0.0015 0.0004 0.0009  0.0068 0.0014 0.0041 

miR-466d-5p 0.0004 0.0015 0.0010  0.0020 0.0057 0.0038 

miR-297c 0.0006 0.0011 0.0008  0.0026 0.0040 0.0033 

miR-466b-3-3p 0.0000 0.0017 0.0009  0.0000 0.0066 0.0033 

miR-146b 0.0005 0.0011 0.0008  0.0023 0.0042 0.0033 

miR-466i 0.0000 0.0017 0.0008  0.0000 0.0063 0.0032 

miR-200a 0.0005 0.0011 0.0008  0.0022 0.0041 0.0032 

miR-379 0.0006 0.0009 0.0008  0.0029 0.0033 0.0031 

miR-362-5p 0.0004 0.0011 0.0007  0.0017 0.0042 0.0030 

miR-365 0.0004 0.0010 0.0007  0.0020 0.0039 0.0030 

miR-188-5p 0.0005 0.0009 0.0007  0.0023 0.0036 0.0029 

let-7e 0.0006 0.0009 0.0007  0.0026 0.0033 0.0029 

miR-877 0.0009 0.0004 0.0007  0.0043 0.0015 0.0029 

miR-301b 0.0005 0.0009 0.0007  0.0023 0.0035 0.0029 

miR-466a-5p 0.0007 0.0006 0.0007  0.0034 0.0024 0.0029 

miR-466h 0.0006 0.0007 0.0006  0.0029 0.0025 0.0027 

miR-188-3p 0.0008 0.0004 0.0006  0.0039 0.0015 0.0027 

miR-669b 0.0006 0.0007 0.0006  0.0026 0.0027 0.0027 

miR-690 0.0009 0.0003 0.0006  0.0043 0.0010 0.0026 

miR-503 0.0007 0.0006 0.0006  0.0031 0.0022 0.0026 

miR-542-3p 0.0005 0.0007 0.0006  0.0023 0.0026 0.0025 

miR-671-3p 0.0003 0.0008 0.0006  0.0015 0.0032 0.0024 

miR-362-3p 0.0005 0.0006 0.0006  0.0023 0.0024 0.0023 
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miR-122 0.0004 0.0008 0.0006  0.0017 0.0029 0.0023 

miR-345-3p 0.0004 0.0007 0.0006  0.0019 0.0028 0.0023 

miR-211 0.0005 0.0005 0.0005  0.0023 0.0020 0.0022 

miR-466c-5p 0.0006 0.0004 0.0005  0.0026 0.0015 0.0020 

miR-466d-3p 0.0000 0.0011 0.0005  0.0000 0.0041 0.0020 

miR-541 0.0004 0.0006 0.0005  0.0019 0.0022 0.0020 

miR-125a-5p 0.0000 0.0011 0.0005  0.0000 0.0040 0.0020 

miR-429 0.0003 0.0006 0.0005  0.0015 0.0024 0.0020 

miR-714 0.0005 0.0004 0.0004  0.0022 0.0015 0.0018 

miR-874 0.0000 0.0009 0.0005  0.0000 0.0036 0.0018 

miR-200b 0.0003 0.0005 0.0004  0.0015 0.0020 0.0017 

miR-152 0.0004 0.0002 0.0003  0.0020 0.0008 0.0014 

miR-195 0.0000 0.0007 0.0003  0.0000 0.0026 0.0013 

miR-138 0.0000 0.0006 0.0003  0.0000 0.0024 0.0012 

miR-331-5p 0.0003 0.0002 0.0003  0.0015 0.0008 0.0012 

miR-451 0.0000 0.0006 0.0003  0.0000 0.0022 0.0011 

miR-30a 0.0000 0.0005 0.0003  0.0000 0.0020 0.0010 

miR-345-5p 0.0000 0.0005 0.0003  0.0000 0.0020 0.0010 

miR-130a 0.0000 0.0005 0.0002  0.0000 0.0019 0.0009 

miR-330 0.0000 0.0005 0.0002  0.0000 0.0019 0.0009 

miR-501-5p 0.0000 0.0005 0.0002  0.0000 0.0019 0.0009 

miR-139-5p 0.0000 0.0004 0.0002  0.0000 0.0015 0.0008 

miR-467b 0.0003 0.0000 0.0002  0.0015 0.0000 0.0008 

miR-221 0.0000 0.0004 0.0002  0.0000 0.0015 0.0007 

miR-205 0.0000 0.0004 0.0002  0.0000 0.0014 0.0007 

miR-1187 0.0000 0.0003 0.0002  0.0000 0.0013 0.0007 

miR-219 0.0000 0.0003 0.0002  0.0000 0.0013 0.0007 

miR-331-3p 0.0000 0.0003 0.0002  0.0000 0.0013 0.0007 

miR-203 0.0000 0.0003 0.0002  0.0000 0.0012 0.0006 

miR-542-5p 0.0000 0.0003 0.0002  0.0000 0.0011 0.0006 

miR-574-5p 0.0000 0.0003 0.0002  0.0000 0.0011 0.0006 

miR-99a 0.0000 0.0003 0.0002  0.0000 0.0011 0.0006 

miR-450a-3p 0.0000 0.0003 0.0001  0.0000 0.0011 0.0005 

miR-450b-3p 0.0000 0.0003 0.0001  0.0000 0.0011 0.0005 

miR-466j 0.0000 0.0003 0.0001  0.0000 0.0011 0.0005 

miR-466b-5p 0.0000 0.0002 0.0001  0.0000 0.0009 0.0004 

miR-486 0.0000 0.0002 0.0001  0.0000 0.0009 0.0004 

miR-497 0.0000 0.0002 0.0001  0.0000 0.0009 0.0004 

miR-672 0.0000 0.0002 0.0001  0.0000 0.0009 0.0004 

miR-100 0.0000 0.0002 0.0001  0.0000 0.0008 0.0004 
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CHAPTER 2 

 

 

PART 1: Introduction to Eri1 

 Eri1 (also known as Thex1) is a 3’– 5’ exoribonuclease of the DEDDh family that 

includes poly(A) ribonuclease, RNase T, and the ( proofreading subunit of the 

Escherichia coli DNA polymerase III ((186).
58

 This family has a conserved core 

consisting of four acidic amino acid residues, DEDD, that span across three conserved 

sequence motifs and coordinate Mg
2+

 cations within the exonuclease domain (Fig. 1). 

Members of the DEDDh subfamily have a unique motif III variant, H-x(4)-D, named the 

exo III( motif after its founding member, (186.
59

 A crystal structure of the Eri1 

enzymatic domain shows that this conserved histidine acts as a base that deprotonates 

Mg
2+

-coordinated water, thereby converting it into a nucleophile that can cleave the 

terminal phosphodiester bond of an oligoribonucleotide chain.
60

 The enzymatic pocket 

only accommodates one to two nucleotides, which may explain why at physiologic 

concentrations Eri1 cleaves ssRNA 3’overhangs yet its activity is strongly inhibited by 

dsRNA.
61,62

  

 One feature of Eri1 that uniquely differentiates it from other DEDDh family 

members is the presence of a conserved SAP (SAF-box, Acinus and PIAS) domain (Fig. 

1). This domain, which is usually found in nuclear proteins, has structural similarities to 

DNA-binding homeodomain proteins and has been shown to bind double-stranded 

nucleic acid via conserved amphipathic helices.
63

 Comparison of eukaryotic SAP 

domain-containing proteins reveals that they are frequently localized at C- or N-termini 

and are often in close proximity to domains that bind or metabolize nucleic acids.
64

 Thus, 

it has been proposed that SAP motifs anchor proteins to nucleic acids and position protein  
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Figure 1. Eri1 protein conservation among eukaryotic species 
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(A) Location of conserved Eri1 SAP and DEDDh exonuclease domains. Note that 

Caenorhabditis elegans express two ERI-1 isoforms, ERI-1a and ERI-1b, which arise 

from alternative splicing. The ERI-1b splice variant is poorly conserved and contains a C-

terminal extension with no identifiable functional domains. (B) Phylogenetic tree 

produced from ClustalW alignment of eukaryotic Eri1 protein sequences. (C) ClustalW 

alignment of Eri1 family exonuclease domains. Three conserved sequence motifs are 

indicated, and DEDDh residues that coordinate Mg
2+

 and H2O in the enzymatic active 

site are highlighted in red. The green box indicates non-conserved amino acid inserts in 

the enzymatic domain. !
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functional domains in close proximity to their RNA or DNA targets. Eri1 mutants lacking 

functional SAP domains show less activity towards at least two known RNA targets, the 

5.8s rRNA and histone mRNA.
49,61,65

 In a seeming contradiction, the SAP domain may 

also stabilize dsRNA by competing with RNA nucleases or helicases that promote RNA 

unwinding and degradation.  

 While RNA has long been understood to play an important role in the epigenetic 

regulation of gene expression, we are just beginning to understand how RNA 

metabolizing enzymes like RNases impact this process. As a broadly expressed 

exoribonuclease, Eri1 has the potential to affect both transcriptional gene regulation, 

through targeting non-coding RNAs involved in heterochromatin formation, and post-

transcriptional gene regulation, by targeting regulatory small RNAs or by degrading 

mRNA transcripts directly. In this review we will summarize recent advances into 

understanding the diverse array of RNAs regulated by Eri1. In turn, we will explore how 

these RNAs participate in epigenetic gene regulation across a variety of eukaryotic 

species.  

 

Small regulatory RNAs  

 RNA interference (RNAi) was initially described as the ability of exogenously 

introduced double-stranded RNA to trigger sequence-dependent silencing of endogenous 

mRNA transcripts in C. elegans.
1,2,66

 Since this time it has become apparent that many of 

the ribonucleases required for RNAi are broadly conserved across most eukaryotic 

species and participate in endogenous RNA silencing pathways. RNA silencing involves 

the generation of small ~22 nt RNA duplexes from dsRNA precursors by the RNase III 



! 63!

enzyme Dicer.
67

 One strand of the duplex is then selectively loaded into an RNA-induced 

silencing complex (RISC). In the RISC, an Argonaute protein uses one strand of the 

small RNA as a guide to direct the degradation or translational repression of target 

cognate mRNAs. In metazoan cells, the regulatory small RNA repertoire that guides 

RISC-induced silencing is dominated by short interfering RNAs (siRNAs) and 

microRNAs (miRNAs). Although both types of small RNAs differ in their precursors, the 

frequency of duplex mismatches, and Argonaute binding specificity, they silence mRNA 

targets by essentially the same mechanism. siRNAs are generated from long dsRNA 

precursors by Dicer cleavage. In contrast, miRNAs originate from long, hairpin-

containing primary transcripts that undergo successive cleavage steps by the 

Microprocessor complex, comprised of DGCR8 and the RNase III enzyme Drosha, and 

then by Dicer. Arabidopsis and C. elegans have abundant miRNA and siRNA species. In 

contrast, miRNAs are the dominant small RNA type in most mammalian cells with the 

exception of germ cells, which contain some endogenous siRNA species.
54,68,69

  

 The efficacy of small RNA-induced silencing across different cell types can be 

tuned by numerous mechanisms, including small RNA amplification, often achieved 

through RNA-dependent RNA polymerase activity,
13

 or small RNA degradation.
70

 C. 

elegans eri-1 was initially discovered in a genetic screen for mutants demonstrating an 

enhanced RNAi (i.e. “ERI”) phenotype in neurons, which are normally refractory to 

RNA-induced silencing.
62

 In vitro studies with recombinant human and C. elegans Eri1 

suggest that in physiologic conditions Eri1 degrades 3’ overhangs from RNA duplexes 

but has little activity towards ssRNA or dsRNA with blunted ends. Thus, Eri1 shares 
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substrate specificity with another DEDDh exonuclease, RNase T, which also targets 

dsRNAs with 3’ overhangs.
71

  

 Initial work in C. elegans identified ERI-1 as a potent inhibitor of exogenous 

RNAi, yet later studies revealed that ERI-1 also regulates endogenous RNAi.
72,73

 

Compared to mammals, C. elegans have a complex repertoire of regulatory endogenous 

and exogenous small RNA pathways that all converge on Dicer. To better understand 

how C. elegans Dicer can simultaneously function in these diverse pathways, Duchaine et 

al. carried out a proteomics analysis of Dicer-associated proteins and identified four 

binding partners previously shown to display “ERI” phenotypes.
74

 The four proteins 

included ERI-1, RRF-3, (an RNA-dependent RNA polymerase [RDRP]), and ERI-3 and 

ERI-5, a novel and Tudor domain-containing protein, respectively. These findings 

provide evidence for the existence of a C. elegans ERI-1/Dicer complex, whose 

formation is promoted by the ERI-3 and ERI-5 proteins. Interestingly, animals harboring 

mutations in eri-1, dicer1, rrf-3, or eri-3 failed to generate some selective classes of 

endogenous siRNAs (endo-siRNAs), which led to a corresponding increase in the 

abundance of their cognate mRNA targets. eri-1 and rrf-3 mutant animals specifically fail 

to accumulate numerous endo-siRNA species including 26G endo-siRNAs, which 

regulate spermatogenesis and zygotic development.
75

 Broader transcriptional analysis of 

eri-1 and rrf-3 mutant adults revealed a large number of up-regulated transcripts that 

were enriched for genes from which complementary siRNAs were cloned in wildtype 

animals.
73

 Unexpectedly, only ten genes were up-regulated in both eri-1 and rrf-3 

mutants, suggesting that these genes may function in both overlapping and distinct 

endogenous RNAi pathways. Together these findings imply that ERI-1 is a selective 
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RNase that promotes the biogenesis of some endo-siRNAs while inhibiting the 

production of others, like exogenous siRNAs. Thus, the enhanced exogenous RNAi 

phenotype observed in eri-1 mutants may reflect competition between these different 

RNAi pathways. In this model, the absence of ERI-1-dependent Dicer recruitment into 

endogenous RNAi pathways leads to more potent exogenous RNAi. The opposite is also 

true. Wildtype animals fed exogenous siRNAs showed reduced abundance of at least one 

endo-siRNA.
72

 While small RNA processing complexes may compete for Dicer, it is also 

possible that exogenous and endogenous siRNAs directly compete for RISC proteins like 

Argonautes. 

Both human
76

 and mouse
77

 cells with reduced Eri1 levels have greater RNAi-

induced silencing of endogenous mRNA targets. Thus, the enhanced RNAi phenotype in 

C. elegans eri-1 mutants is broadly conserved in metazoans. Although competition for 

limiting Dicer protein may explain the enhanced RNAi phenotype observed in C. elegans 

eri-1 mutants, it is unlikely, for several reasons, to be broadly applicable to Eri mutant 

mammals. First, while the ERI-1a splice variant is deeply conserved, only ERI-1b, a 

variant unique to C. elegans, binds Dicer. ERI-1b contains a 400 nt C-terminal extension 

with no conserved domains (Fig. 1a) and its ectopic expression is sufficient to rescue the 

enhanced RNAi phenotypes in eri-1 mutants.
62

 In contrast, ectopic ERI-1a expression is 

insufficient to rescue enhanced RNAi phenotypes.
78

 A second reason that the Dicer 

competition model may not be broadly conserved is that the endo-siRNAs affected by the 

absence of Eri1, like 26G endo-siRNAs, have no known homologs in mammals. To date 

no endo-siRNAs have been identified in somatic mammalian cells; however; it is possible 

that mammalian cell types like oocytes, which do express endo-siRNAs, may show 
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competition for Dicer in certain settings. Although ERI-1b’s role in promoting endo-

siRNA biogenesis in C. elegans is poorly understood, it has been proposed to anchor 

Dicer to its mRNA substrates (Fig. 2A).
72

 The cleaved mRNAs then serve as primed 

substrates for RRF-3, which generates a long dsRNAs that can be processed by Dicer. 

Further work is required to determine why the ERI-1 Dicer complex in C. elegans 

preferentially generates some siRNAs but not others.    

 To better understand the small RNA transcriptome of somatic mammalian cells 

deficient in Eri1, we profiled small RNA libraries generated from Eri1
–/–

 and wildtype 

mouse lymphocytes. While eri-1 mutant C. elegans show at least a five-fold decrease in 

specific classes of endo-siRNAs,
79

 no such Eri1-dependent small RNAs were identified 

in mouse.
80

 Interestingly, however, there was a two-fold increase in all miRNAs, the 

major regulatory small RNA in lymphocytes (Fig. 2B).
36

 This observation is consistent 

with the previous finding that eri-1 mutant C. elegans express increased levels of mature 

pre-miR-238.
73

 Our unpublished observations indicate that mouse Eri1 does not co-

immunoprecipitate (co-IP) with Dicer (see Appendix part 2), which is predicted based on 

the findings that C. elegans ERI-1a, the splice form expressed in mouse and humans, 

does not co-IP with Dicer.
72

 Furthermore, loss of Eri1 in mouse does not affect the 

accumulation of any other abundant small RNA populations aside from miRNAs. Thus, 

Eri1 competition for Dicer activity is unlikely to explain the observed increase in 

miRNAs.  

In vitro studies suggest that Eri1 can cleave 3’ overhangs from RNA duplexes, but 

it is unclear how this activity leads to reduced miRNA abundance. One possibility is that 

Eri1 may directly degrade precursor or mature miRNAs, as is observed for the small 
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RNA exonucleases SDN1 in Arabidopsis and XRN-2 in C. elegans.
81,82

 In this context, it 

would likely have to function in tandem with a helicase that could expose single strands 

of the RNA duplex. A second possibility is that Eri1 cleaves 3’ overhangs from pre-

miRNAs or miRNAs, thereby preventing their export into the cytosol
83,84

 or loading into 

the RISC complex, respectively.
85-87

 Alternatively, Eri1 trimming might instead prime 

miRNA duplexes for uridylation by a terminal uridylyl transferase (TUTase) such as 

ZCCHC11, which has recently been shown to uridylate miRNAs and their precursors.
88-91

 

Interestingly, this TUTase has also been shown to uridylate and destabilize another Eri1 

substrate, histone mRNA (see below).  

 In contrast to metazoan Eri1, which enhances post-transcriptional gene silencing 

by inhibiting siRNAs and miRNAs, Schizosaccharomyces pombe Eri1 negatively 

regulates small RNAs that promote transcriptional and cotranscriptional gene silencing 

(Fig. 2C). This observation complements the finding that RNAi in S. pombe acts 

primarily at the chromatin level to silence heterochromatin-bound RNAs and readthrough 

antisense transcripts.
92

 In S. pombe, heterochromatin is formed in specific regions of the 

chromosome, including centromeres and telomeres. These regions contain numerous 

repetitive sequences that are transcribed and then processed by Dicer into siRNAs that 

target the RNA-induced initiation of transcriptional gene silencing (RITS) complex to the 

genomic repeats from which they originate. The RITS complex in turn mediates nascent 

transcript degradation followed by recruitment of histone methyltransferases and chromo-

domain proteins that both nucleate and maintain heterochromatin formation.
93,94

 In the 

absence of Eri1 there is increased accumulation of centromeric siRNAs associated with 

RITS complexes. This leads to a concomitant increase in H3-K9 methylation and 
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heterochromatic silencing.
95,96

 Eri1 likely degrades these siRNAs directly, which can be 

recapitulated in in vitro assays.
95

 Note that this activity is distinctly different from that of 

metazoan Eri1, which is strongly inhibited upon encountering dsRNA.
49,61,62,65

 The 

structural basis of this substrate discrepancy remains poorly understood.  

In S. pombe, Eri1 is crucial for limiting both the extent and heritability of 

transcriptional gene silencing. A fundamental difference between RNAi-mediated post-

transcriptional gene silencing in C. elegans versus RNAi-induced chromatin silencing in 

S. pombe is that the former functions in trans while the later acts strictly in cis. In an 

artificial system where ura4
+ 

siRNAs are produced by tethering RITS to nascent ura4 

transcripts, they fail to silence a second allele of ura4
 
on a different chromosome.

96
 In the 

absence of Eri1, however, distant genomic loci readily undergo RNAi-induced silencing 

in trans. Taken together, these data support a model where Eri1 normally functions to 

limit RNAi-mediated heterochromatin formation as a way of preventing promiscuous 

heritable gene silencing. Recent findings suggest that RNAi may be able to regulate 

protein-coding loci in S. pombe by a novel mechanism dependent on Dicer1 but not 

initiated by small RNA guides.
97

 It would be intriguing to test whether Eri1 also 

modulates these silencing pathways or if its functions are restricted to non-coding 

genomic loci.  

To date it is unclear if Eri1 constitutively represses regulatory small RNAs in 

most cell types or if there are physiologic conditions where it is up- or down-regulated to 

tune sensitivity to RNAi-mediated silencing. Interestingly, Eri1 is up-regulated in 

response to high doses of exogenous siRNAs,
77

 suggesting that it may normally function 

as a buffer for specific endogenous and exogenous RNAi pathways.   
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Ribosomal RNA 

 Eri1’s most conserved RNA target is the 5.8S ribosomal RNA (rRNA).  Eri1 is 

required for the last step of 5.8S rRNA maturation, in which several unpaired nucleotides 

are trimmed from the 3’ end (Fig. 2D). Unlike Eri1’s effects on small RNAs, which may 

be indirect and are often not conserved between species, Eri1’s ability to process rRNA 

depends directly on its exonuclease activity and is deeply conserved from fission yeast to 

mammals.
49,78

 In C. elegans, ectopic expression of ERI-1a or ERI-1b is sufficient to 

rescue 5.8s rRNA length defects in eri-1 mutants, which suggests that both isoforms can 

mediate rRNA processing even if they have divergent roles in RNAi.
78

 Similar to small 

RNA substrates cleaved by Eri1, the 3’ end of the 5.8S exists in a duplex, which is 

formed by basepairing complementary sequences at the 5’ end of the 28S. This duplex 

contains a two nt overhang at the 3’ end of the 5.8S that can be cleaved by Eri1 without 

overprocessing the entire 5.8S, since Eri1 enzymatic activity is inhibited by dsRNA. 

Although the function of this trimming is poorly understood it is likely important since 

this activity is conserved even in S. cerevisiae, where eri-1 has been lost but another 

nuclease, Ngl2, can perform this function.
98

 

 While most ribosome processing happens in the nucleolus, evidence suggests that 

Eri1 trimming of the 5.8S likely occurs in the cytoplasm. In mouse and human cells, Eri1 

localizes to both the cytoplasm and nucleolus, whereas S. pombe Eri1 and C. elegans 

ERI-1 are exclusively cytoplasmic.
49,62,65,78,95

 Mammalian Eri1 associates with rRNA as 

early as the 45S precursor stage,
49

 yet precursor rRNA processing is unaffected by the 

absence of Eri1. It remains possible, however, that Eri1 serves as a scaffold that recruits 

factors required for subsequent processing steps. A second observation that supports a 
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role for cytoplasmic 5.8S trimming is that Eri1 is much more efficient at processing intact 

ribosomes than duplexes formed from synthetic 5.8S and 28S mimics. Lastly, a 

substantial portion of mammalian Eri1 associates with mature ribosomal subunits and 

80S monosomes. Interestingly, cytoplasmic 5.8S rRNA processing is highly conserved in 

both organisms that contain eri1, such as S. pombe and C. elegans, and those that do not, 

such as S. cerevisiae.
99

  

 It is intriguing to consider that Eri1 may bind intact, cytoplasmic ribosomes as a 

way of localizing its other functions, such as inhibition of RNAi, to the basal translation 

machinery. To date, however, a connection between Eri1-dependent rRNA processing 

and altered epigenetic regulation of protein translation remains purely speculative. Eri1’s 

loss, as a ribosomal protein, may compromise global translation rates by inhibiting proper 

ribosome folding and/recruitment of ribosome-associated proteins. Alternatively, the loss 

of Eri1 may lead to transcript-specific defects in translation, such as those observed in 

Rpl38-deficient mice.
100

 Interestingly, Eri1 remains attached to actively translating 

polysomes even after 5.8S trimming is complete.
49

 Some evidence suggests that miRNAs 

may function in part by redistributing targeted mRNAs from polysomes to more slowly-

sedimenting ribosomal particles not actively involved in translation.
101,102

 Although the 

mechanism by which Eri1 negatively regulates miRNAs is not fully understood, it is 

intriguing to speculate that it may act at the level of inhibiting miRNA-mRNA target 

interactions in polysomes. Indeed, evidence suggests that individual miRNAs may inhibit 

mRNA translation prior to or coincident with their ability to destabilize mRNA targets, 

which is their major mechanism of action.
103-106

 Ribosome profiling, which uses high-
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throughput sequencing to identify polysome-associated transcripts, 
107

 would provide a 

powerful method for dissecting Eri1’s effects on protein translation.  

 

Histone mRNA 

 Although Eri1 can indirectly affect mRNA stability by altering miRNA and 

siRNA abundance, the human homolog of Eri1, 3’hExo, has been shown to bind and 

degrade at least one class of transcripts directly: replication-dependent histone mRNAs. 

The abundance of this class of mRNAs is tightly linked to DNA replication so that large 

numbers of histones can be produced in S-phase to accommodate packaging of newly 

synthesized DNA into nucleosomes. Histone mRNA abundance is then rapidly reduced 

as cells enter G2. Failure to coordinate histone gene expression with cell cycle 

progression can result in chromosome loss, genomic instability, and cell cycle arrest.
108-

110
 In metazoans, this coordination depends on a unique cis-regulatory stem loop in the 

histone 3’ UTR, which is the only eukaryotic transcript 3’ UTR that is not 

polyadenylated.
111

 The 3’ end of canonical histone mRNAs are formed first by 

endonucleolytic cleavage of a precursor mRNA that is guided by U7 snRNP.
112

 This 

cleavage generates a 3’ end consisting of a conserved stem-loop structure followed by a 

four to five nt ssRNA overhang. Similar to the poly-(A) tail of most eukaryotic mRNAs, 

this stem loop has to be brought into proximity of the 5’ 7-methylguanosine cap in order 

to initiate translation.
113

 However, unlike poly-(A) tails, this stem loop also marks the 

mRNA for rapid degradation at the end of S-phase. Stem loop binding protein (SLBP) is 

a key protein recruited to the histone 3’ UTR, where it stabilizes and promotes the 
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translation of histone mRNA. SLBP is then degraded by the proteasome at the end of the 

S-phase, thereby permitting rapid degradation of histone mRNAs.
114-116

  

 Although the protein complex responsible for this rapid degradation has long 

remained elusive, it was initially hypothesized to contain a 3’–5’ exoribonuclease that 

was associated with the ribosome and whose activity depended on Mg
2+

 but not 

ATP.
117,118

 Interestingly, early studies showed that location of the stem loop relative to 

the stop codon is important for rapid histone mRNA turnover because rapid degradation 

of histone mRNAs is lost if the stop codon is more than 45-80 nucleotides away.
119,120

 

This observation suggests that a terminating ribosome may have to be in close proximity 

of the stem loop to promote its decay. This may also explain the longstanding observation 

that translation is required for histone mRNA degradation.
119,120

 Human Eri1 was initially 

identified as a likely candidate for the 3’–5’ exonuclease that degrades histone mRNAs 

based on its in vivo binding to histone stem loop sequences and demonstration of its 

exonuclease activity towards in vitro substrates.
61

 Subsequent studies revealed that Eri1 

and SLBP cooperatively bind the 3’ and 5’ sides of the stem loop, respectively, and that 

binding of Eri1 depends critically on the presence of the unpaired ACCCA consensus 

sequence at the 3’ end of the loop.
61,65

  

 Eri1’s in vivo role in histone mRNA turnover is controversial. Eighty to ninety 

percent knockdown of human Eri1 had no discernable effect on histone mRNA stability 

following inhibition of S-phase using pharmacologic agents.
121

 This observation led to 

the belief that Eri1 was dispensable for rapid histone mRNA turnover and that decay was 

instead mediated by 3’ oligouridylation followed by 5’ decapping and Eri1-independent 

degradation by simultaneous 5’-3’ and 3’-5’ exonucleolytic activity. However, recent 
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work in Eri1-deficient mouse cells revealed that Eri1 was critically important for the 

rapid degradation of oligouridylated histone mRNAs at the end of S-phase (K. Hoefig, 

personal communication). While these discrepant findings may represent a divergence in 

mouse and human Eri1 function, both mouse and human homologs of Eri1 could rescue 

efficient histone mRNA degradation in mouse cells at the end of S-phase. Further work is 

required to definitively demonstrate that endogenous human Eri1 has this function in 

vivo. In Eri1-deficient cells, histone mRNA abundance declined over two-fold at the end 

of S-phase, suggesting that RNA decay may be compensated in the absence of Eri1 or 

that there may be redundant exonucleases that perform this task (K. Hoefig, personal 

communication). Mouse Eri1 was also found to trim two nucleotides from the 3’ end of 

the histone 3’ UTR (Fig. 2E), similar to its role in 5.8S maturation (K. Hoefig, personal 

communication). While the function of this trimming is not fully understood, these 

findings are consistent with observations from human cells that the 3’ ends of mature 

cytoplasmic histone mRNAs are two nucleotides shorter than those generated by histone 

pre-mRNA processing.
121

  

 Mammalian Eri1 may comprise a larger complex that triggers histone mRNA 

degradation (K. Hoefig, personal communication). In mammalian cells, Eri1 binds 

directly to Lsm1 and Lsm4, which make up part of the heptameric Lsm1-7 complex that 

preferentially binds oligo-U tails.
122

 In addition, Eri1 associates indirectly with the RNA 

helicase Upf1 in an RNA-dependent manner. Like Eri1, both Lsm1 and Upf1 are critical 

for the efficient decay of oligouridylated histone mRNAs at the end of S-phase.
121,123

 

Taken together these data offer the following model for how Eri1 may participate in 

canonical histone mRNA decay (Fig. 2E): first, Eri1 is deposited on the 3’ stem loop, 
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where it trims two nucleotides from the unpaired 3’ overhang. At the end of S-phase, 

SLBP is degraded by the proteasome and a terminal uridylyl transferase (TUTase), most 

likely Zcchc11,
123

 oligouridylates this 3’overhang, which leads to recruitment of the 

Lsm1-7 complex. The Lsm1-7 complex may initiate histone mRNA decapping, similar to 

its function in degrading polyadenylated mRNAs, although decapping either requires 

Eri1 function or occurs on a minority of mRNA transcripts (K. Hoefig, personal 

communication).
121

 Lsm1-7 complex binding may then recruit Eri1 to the oligouridylated 

tail, where it degrades the histone mRNA through the stem loop in a step-wise manner 

that likely depends on the helicase Upf1 to expose ssRNA from the double-stranded stem. 

3’–5’ exosome-mediated decay may further contribute to clearance of histone mRNAs 

lacking intact stem loops.
121

    

 Since histone mRNAs are the only known eukaryotic transcripts that are not 

polyadenylated, Eri1-dependent transcript decay is unlikely to serve as a broad 

mechanism for regulating mRNA abundance. However, Eri1 may be able to destabilize 

other non-polyadenylated, oligouridylated RNAs by this mechanism, including non-

coding RNAs. Indeed, the nontemplated addition of uridines to the 3’ end of small RNAs 

is widespread in human cells and has been shown to alter the stability of several 

regulatory small RNAs such as U6 and miRNAs.
90,124-126

 Interestingly, the TUTase that 

oliguridylates histone mRNAs, Zcchc11, has also been shown inhibit and/or destabilize 

several miRNAs, including miR-122 and miR-26a as well as the let-7 pre-miRNA.
88-91,126

 

High-throughput sequencing techniques like HITS-CLIP and PAR-CLIP will offer 

powerful methods for empirically identifying the extent of Eri1’s endogenous RNA 

targets. 



! 75!

 

Figure 2. Summary of Eri1’s effects on cellular RNAs 
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(A) In C. elegans, Dicer forms a complex with the ERI-1b isoform and the RNA-

dependent RNA polymerase RRF-3 (orange circle). This complex is purported to 

sequester Dicer activity to promote the biogenesis of some endogenous siRNAs while 

preventing the generation of other siRNAs. (B) Metazoan Eri1 inhibits RNAi mediated 

by exogenously introduced siRNAs. In addition, mammalian Eri1 negatively regulates 

the abundance of mature miRNAs. Both siRNAs and miRNAs repress gene expression 

predominantly by destabilizing mRNA transcripts, but also by inhibiting translation. 

Therefore, the absence of Eri1 leads to increased exogenous siRNA- and miRNA-

mediated silencing of cognate mRNA targets. (C) In S.pombe, Eri1 negatively regulates 

endogenous siRNAs that participate in nascent transcript decay (co-transcriptional gene 

silencing) and heterochromatin formation (transcriptional gene silencing) by recruiting 

the RITS complex to genomic regions in cis. In the absence of Eri1, siRNAs target alleles 

in trans, leading to promiscuous heritable gene silencing. Euchromatin (gray circles with 

blue diamonds) and heterochromatin (gray circles with green diamonds) are represented. 

An RNA-directed RNA polymerase Complex is shown (orange circle). (D) Eri1 has a 

conserved function in 5.8S rRNA maturation by trimming several unpaired nucleotides 

from the 3’ end. After this trimming, Eri1 remains associated the 40S and 60S subunits as 

well as with monosomes and, to a lesser extent, actively translating polysomes. (E) In 

mammalian cells, Eri1 trims two nucleotides from the 3’ end of replication-dependent 

histone mRNAs. At the end of S-phase, canonical histone mRNAs become 

oligouridylated, which leads to recruitment of Eri1, the heptameric Lsm1-7 decapping 

complex, and the RNA helicase Upf1, all of which contribute to subsequent histone 

mRNA degradation through the 3’ stem-loop. Dark green sectors represent Eri1. 
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Eri1 conservation and evolutionary loss 

 Eri1 is a core ribosome-associated protein that has a highly conserved function in 

5.8S rRNA processing, yet it has been repeatedly recruited into species-specific RNAi 

pathways over the course of evolution. The study of Eri1’s function in fungal species 

provides insight into how these two activities may have co-evolved. One of the major 

functions of RNAi in eukaryotes is to serve as a kind of genetic immune system that 

defends against both invading nucleic acids from viruses and rogue mobile segments of 

the genome that include transposons and retroelemtents.
127

 Yet, as has been observed 

repeatedly in the mammalian immune system, this potent defense mechanism comes at an 

evolutionary cost. In fungi, the RNAi pathway has been selectively lost in some species, 

such as S. cerevisiae and other members of the sensu stricto clade, while it has been 

retained in others, including a close relative of S. cerevisiae, S. castellii, and a more 

distant relative, the budding yeast S. pombe.
128

 This loss likely results from an 

evolutionary advantage in being able to maintain killer, an endemic dsRNA viral system 

that is cytoplasmically inherited.
129

 Killer encodes a protein toxin capable of killing 

neighboring cells while conferring protection to the infected host cell. Fungi with 

functional RNAi degrade killer dsRNA, rendering themselves resistant to infection yet 

susceptible to lethal killer toxins produced by neighboring cells. However, while 

functional RNAi may confer a selective disadvantage in the short term, RNAi-harboring 

species likely show more robust survival over the long term since they are not prone to 

transposon-induced genomic damage.
129

 

 The observation that RNAi can be under negative selective pressure explains why 

it is lost from some species while, in others like S. pombe, it is restricted by factors like 
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Eri1. Interestingly, eri1 has been lost in S. cerevisiae, which has also lost its RNAi 

machinery, while it is maintained in the RNAi competent species S. pombe.
62

 The 

presence or loss of RNAi in these species has led to the respective resistance or 

susceptibility to the endemic killer virus.
129

 Although these viruses have not been 

detected in S. pombe, it is tempting to speculate that Eri1 can dampen RNAi and thus 

render specific fission yeast species temporarily susceptible to killer virus infection, 

which confers protection against viral toxins. There may be a similar protective 

mechanism occurring in C. elegans, where the presence of wildtype ERI-1 inhibits 

antiviral defense, thus rendering animals more susceptible to viral infection.
130

 Although 

Eri1 has been lost in S. cerevisiae, many of its functions are notably still conserved, 

namely 5.8S 3’ trimming and rapid histone mRNA decay at the end of S-phase, which is 

mediated at the transcriptional level and by direct degradation of histone proteins.
98,131,132

 

Further work is required to determine the extent of eri1 conservation among other fungal 

species and to determine if the presence of functional Eri1 activity renders those species 

more or less susceptible to viral infection.  

 Among eukaryotes, Drosophila melanogaster is the only known species with 

functional RNAi machinery yet no clear homolog of Eri1. The closest Eri1 family 

member identified in D. melanogaster to date is a protein called Snipper (Snp), so named 

for its potent and seemingly promiscuous exonuclease activity.
133

 Unlike Eri1 mutants in 

other species, Snp mutants fail to accumulate replication-dependent histone mRNAs in 

synchronized cells and show no alteration in exogenous RNAi. Altered Snipper substrate 

specificity can be explained in part by a 13 amino acid insert embedded in the 

exonuclease domain and the lack of a clearly conserved SAP domain (Fig. 1), which calls 
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into question if Snp can even be classified as a true Eri1 homolog. Further work in 

Drosophila is required to determine how canonical histone mRNAs turn over at the end 

of S-phase and if the 5.8S rRNA can be trimmed at its 3’ end by a different nuclease. 

Interestingly, the Drosophila “5.8S” actually consists of a shortened 5.8S rRNA that pairs 

with the 2S rRNA to form a 5.8S-like structure seen in other eukaryotes.
134

 Thus, 5.8S 3’ 

end processing has diverged in Drosophila, which coincidentally also lack Eri1. Further 

work is required to determine the extent of Eri1 conservation among metazoans and if it 

is broadly capable of regulating miRNA regulation and histone turnover in animal cells. 

 

Eri1 at the crossroads of many RNA processing pathways 

 Together, the RNAs regulated by Eri1 suggest that this exoribonuclease is an 

important epigenetic modulator of gene expression. Thus Eri1 constitutes a member of a 

growing class of ribosome-associated proteins that have been recruited into species- and 

cell-type-specific RNA metabolic pathways over the course of evolution. The large 

Microprocessor complex containing p68 and p72 (two ATP-dependent DEAD-box RNA 

helicases) processes pre-miRNAs from pri-miRNAs and is also required for pre-

ribosomal RNA processing.
135,136

 In mouse, mutations in p68 or p72 give rise to a 

reduction in 5.8S rRNA and selective miRNAs. Furthermore, depletion of Dicer or Ago2 

leads to the accumulation of 5.8S precursor rRNAs, although this mechanism is poorly 

understood.
137

 A direct role for Dicer outside of pre-miRNA processing has been 

observed in Candida albicans, where CaDCR1 mutants also displayed specific defects in 

pre-rRNA spacer cleavage and U4 snRNA 3’ end processing.
138

 Several factors that 

process histone mRNA have similarly been shown to alter miRNA abundance. These 
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include the TUTase Zcchc11, discussed above, as well as Ars2, a component of the 

nuclear-cap binding complex that promotes pri-miRNA processing and histone pre-

mRNA 3’ end formation.
139-141

 

 Eri1’s recruitment into multiple RNA processing pathways may allow for 

crosstalk and coregulation of diverse cellular processes. In one scenario, all these unique 

pathways may compete for Eri1 activity, and by dint of this competition Eri1 acts to 

buffer pathway activities. In this model, Eri1’s participation in one pathway sequesters its 

activity away from other pathways. This model makes sense in a context where Eri1 is 

rate-limiting and where substrate processing is exquisitely sensitive to Eri1 dosage. This 

is unlikely to be the case for 5.8S rRNA processing as very small amounts of Eri1 can 

carry out this function
49

 and processing is normal in heterozygotes lacking one allele of 

Eri1 (unpublished observation). miRNAs, however, may be more sensitive to Eri1 levels, 

as evidenced by the fact that Eri1 heterozygotes show alterations in miRNA abundance.
80

 

There is a precedent for this type of competition in C. elegans, where different small 

regulatory RNA pathways compete for components of the RNAi machinery, perhaps 

including Eri1.
72,73

 Thus, this competition model may apply to some Eri1-regulated 

RNAs, like siRNAs, but not others.  

As an alternative to this model, Eri1’s role in one pathway may promote its 

function in another. For example, Eri1’s association with the ribosome may help to 

spatially couple translation termination with histone mRNA decay. This would be 

consistent with the finding that only actively translated canonical histone mRNAs are 

subject to degradation at the end of S-phase.
119

 Eri1’s ribosomal association may also 

place it in close enough proximity to alter miRNA or siRNA activity by affecting their 
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deposition on cognate mRNA targets. Interestingly, a recent report found that reduced 

expression of many ribosome-associated proteins diminished miRNA-mediated silencing 

in human cells, suggesting a precedence for the basal translation machinery to affect 

RNAi.
142

 It is currently unclear if the enhanced miRNA-mediated silencing induced by 

ribosomal proteins can influence overall miRNA abundance, as is observed for Eri1. 

Although it is still in its infancy, the study of Eri1 biology will undoubtedly lead us to a 

better understanding of the importance RNA metabolism plays in epigenetic gene 

regulation.  
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PART 2: Introduction to Natural Killer Cells 

 

Natural killer cell development and repertoire formation 

 

Natural killer (NK) cells participate in early innate immune responses to 

transformed malignant cells or infected cells by inducing target cell lysis directly with 

cytotoxic molecules like granzymes and perforin or by recruiting and priming other 

hematopoietic cells via the production of cytokines such as TNF-) and IFN-!. NK cells 

that show defects in IFN-! secretion or the release of cytotoxic factors render the host 

organism susceptible to a variety of infections, especially those caused by herpesviruses 

such as cytomegalovirus (CMV).
143

  

Although NK cell killing was once thought to be nonspecific, the observation that 

NK cells could kill tumor cells lacking class I major histocompatibility complex (MHC) 

suggested that their cytotoxic functions were regulated and specific.
144

 This seminal work 

also anticipated the existence of NK inhibitory receptors that prevent inappropriate 

killing in the presence of certain target cell ligands. It is now understood that NK cells 

express a complex inhibitory receptor repertoire that recognizes both MHC class I and 

non-MHC class I ligands. These receptors include members of the killer cell 

immunoglobulin-like receptors (KIRs) in humans, Ly49 receptors in mice, and the 

conserved KLRG1 and CD94-NKG2A receptors, among many others. Although their 

recognition of extracellular ligands is varied, all NK inhibitory receptors share a common 

immunoreceptor tyrosine-based inhibitory motif (ITIM) in their cytosolic region that is 

essential for the transduction of inhibitory signals.
145

 Upon receptor engagement, this 

motif is phosphorylated, which leads to the recruitment of various lipid and tyrosine 

phosphatases than can include SHIP-1, SHP-1, or SHP-2. Together these phosphatases 
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counteract NK activating signals by degrading the activating phospholipid 

phosphatidylinositol (3,4,5)-triphosphate (PIP3) to phosphatidylinositol-3,4-bisphosphate 

(PIP2) and by dephosphorylating tyrosine kinase substrates. These dephosphorylation 

events lead to a corresponding reduction in NK cell cytokine production, degranulation, 

and proliferation.  

Compared to NK inhibitory receptors, many NK activating receptors have 

minimal cytoplasmic domains that lack intrinsic signaling function. Activating receptors 

do, however, frequently have a conserved charged lysine or arginine residue in their 

transmembrane region that allows them to bind adaptor proteins containing an 

immunoreceptor tyrosine-based activation motif (ITAM). These adaptors are 

constitutively expressed in mature NK cells and include DAP12, Fc(RI-!, and CD3-*. 

Activating receptors predominantly recognize ligands expressed at the surface of 

transformed and activated cells. These receptors include members of the KIR and Ly49 

families as well as SLAM family members like CD244. Upon receptor engagement, 

ITAMs are phosphorylated, leading to recruitment of the kinases Syk and ZAP-70. These 

kinases initiate a cascade of downstream signaling events that culminate in the release of 

intracellular calcium stores, the production of cytotoxic proteins, degranulation, and cell 

proliferation. Mature NK cells have a complex receptor repertoire marked by the 

presence of multiple activating and inhibitory receptors. Thus, unlike T and B cells, 

which become activated through single antigen-specific receptors, NK cells are activated 

by the complex integration of positive signals from multiple activating receptors in the 

setting of diminished signaling from inhibitory receptors.
146
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NK cell development is incompletely understood. In adults, NK cells develop 

from hematopoietic stem cells in the bone marrow (BM) and they share a common 

progenitor, the common lymphoid progenitor (CLP), with T cells, B cells, and certain 

classes of dendritic cells.
147

 Until recently, the earliest committed BM NK cell precursor, 

termed the NK progenitor (NKP), was identified as a CLP-derived population that 

acquired expression of the IL-15/IL-2R# chain (CD122) and lacked mature lineage 

markers, including CD4, CD8, B220, Ter-119, and CD3(.
148

 Because IL-2R#, along with 

the IL-2 receptor common ! chain (!c), is critical for IL-15 signaling, and IL-15 signaling 

is critical for the viability of mature NK cells, it was proposed that the earliest NK cell 

progenitor must express both IL-2R# and !c to maintain viability. However, NKPs can 

develop in the absence of !c, which suggested the existence of an earlier NK-committed 

progenitor that does not express IL-2R#.
149

 Indeed, two independent groups have recently 

identified a novel population of NK progenitors downstream of CLP, upstream of the 

NKP and identified as Lineage (Mac-1, Gr-1, Ter119, and CD19)
–
CD122

–
IL-7r)

+
Flk2

–

CD244
+
CD27

+
.
150,151

 These early precursors give rise to NKPs, which are marked by the 

acquisition of NKG2D and IL-2R#. In turn, NKPs sequentially give rise to immature NK 

cells (iNK), which in C57BL/6 mice express NK1.1, and then mature NK cells (mNK), 

which have acquired Ly49 receptors and the integrins CD11b and CD49b. Numerous 

transcriptional regulators are important for NK cell developmental progression. These 

include E4BP4, which is important for the NKP to iNK transition, and Id2, GATA-3, Ets-

1, IRF-2, MEF, PU.1, and T-bet, which are all important for the development of mNK 

from iNK cells.
152,153
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Unlike B and T lymphocytes, which undergo ordered stages of receptor 

rearrangements during development, NK cells express germline-encoded receptors. These 

include the highly polymorphic Ly49 family in mice. Klra1 genes encoding Ly49, which, 

along with Cd94, Cd69, and Klrg1, are transcribed from one genetic region. Termed the 

NK complex, this genetic region resides on mouse chromosome 6. C57BL/6 mice contain 

15 Ly49 genes, which include six known NK inhibitory receptors, two inhibitory 

receptors not expressed on NK cells or that lack a clear transmembrane domain, two 

activating receptors, and five pseudogenes.
154

 Like MHC class I genes, Klra receptor 

genes are among the fastest evolving genes in rodents.
154

 This coordinated evolution 

makes sense in light of the fact that Ly49 receptors are predominantly inhibitory and 

recognize MHC class I or MHC class I-like molecules. Two of the receptors, Ly49D and 

Ly49H, have evolved activating functions. While Ly49D recognizes MHC class I 

molecules the only known ligand of Ly49H is m157, a viral protein encoded by mouse 

CMV.  

Among mature NK cell populations, Ly49 receptors are expressed in a variegated 

pattern such that each receptor is expressed by 10-50% of NK cells and each NK cell 

expresses between zero to five Ly49 receptors.
155

 Inhibitory Ly49 receptors are generally 

expressed in a stochastic fashion. Thus inhibitory receptor distribution generally follows 

the product rule, which predicts that the frequency of cells expressing two or more Ly49 

receptors is approximately equal to the product of the individual receptor frequencies.
156

 

In contrast, the activating receptors Ly49D and Ly49H are often co-expressed on the 

same cell, suggesting that their expression is non-stochastic.
157

 Interestingly, Ly49D and 

Ly49H are acquired relatively later than other Ly49 receptors, suggesting that these genes 
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are differentially regulated as compared with inhibitory receptor genes. With the 

exception of Ly49G2 (see below), once a specific Ly49 repertoire is initiated on an 

individual cell, that repertoire persists upon in vitro expansion and cell transfer, 

suggesting that the repertoire is stable.
158,159

 Another stable feature of Ly49 gene 

expression is that virtually all genes in this family are expressed in a mono-allelic 

fashion.  

The process by which developing bone marrow (BM) NK cells acquire various 

Ly49 receptors is incompletely understood. Signals from the BM stroma are likely to be 

important, as NK cells that develop from progenitors in stroma-free culture systems do 

not express Ly49 receptors.
160

 The study of Klra promoters and regulatory elements has 

provided some mechanistic insight into NK repertoire formation. Most Klra genes have 

three promoter regions: Pro1, which is a distal promoter upstream of all inhibitory 

receptor genes, and Pro2 and Pro3, which are adjacent to the first and second exons, 

respectively.
161

 Pro2 and Pro3 are active in mature NK cells. In contrast, Pro1 is active 

almost exclusively in immature NK cells, suggesting that it may drive Ly49 acquisition in 

the BM.
162

 In vitro analysis of Pro1 promoter activity for Ly49G revealed that Pro1 

contains two overlapping promoters with bidirectional transcriptional activity.
163

 These 

promoters appear to function as a probabilistic switch that can produce either a forward 

transcript containing the coding region of the gene or a reverse noncoding transcript. 

Competition for overlapping transcription factor binding sites dictates the probability of 

transcription in a given direction so that daughter cells stably express either the coding or 

the noncoding transcript. By an incompletely understood mechanism, expression of the 
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coding Pro1 transcript is required to increase the accessibility of the mature NK promoter 

Pro2, which in its default state is hypermethylated.  

There are several known transcription factors that compete for Pro1 binding sites, 

including NF-&B p50, AML-1, TBP, and C/EBP.
163

 It follows that mature NK cells from 

mice deficient in NF-&B p50 or factors that promote NF-&B signaling, such as 

phospholipase C!2, show reduced Ly49 expression.
164,165

 Although Pro1 transcripts are 

normally absent from mature NK cells, one exception to this rule occurs at the gene 

encoding Ly49G, which is turned on in activated and/or proliferating cells. In this setting, 

increased Ly49G2 expression is correlated with increased Ly49g Pro1 transcription, 

which may explain why expanding and activated NK cells preferentially up-regulate 

Ly49G2.
166

 Since the gene encoding Ly49G may be uniquely regulated, further work 

must determine if this switch model, known to apply only at the locus encoding Ly49G, 

is functional at other Klra genes and how it regulates heritable Ly49 expression. KIR in 

humans, which are functionally analogous to Ly49 receptors in mouse, have bidirectional 

promoters that are surprisingly proximal to the coding region of the gene.
167

 Unlike the 

distal promoter upstream of mouse Klra genes, the KIR3DL1 promoters were shown to 

overlap in such a way that they produce sense and anti-sense transcripts that can form 

double-stranded RNA (dsRNA). Although there has been some speculation that these 

dsRNAs are processed into small RNAs that can be loaded into Argonaute proteins, and 

thus guide RNA interference,
168

 there are little data to support that this processing occurs 

in vivo or that these noncoding RNAs actually participate in KIR methylation.  
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The role of microRNAs in natural killer cell development and effector function  

Another class of noncoding RNAs, miRNAs, has a much clearer role in the 

epigenetic control of NK gene regulation. miRNA profiling by deep sequencing has 

revealed that NK cells have complex miRNA repertoires that are not dominated by just a 

few species.
44,169

 As in other immune cell types, the importance of miRNAs to NK cell 

function was demonstrated by studying cells deficient in components of the miRNA 

biogenesis machinery, such as Dicer and DGCR8. These studies are somewhat 

complicated by the lack of an NK cell-specific Cre that can drive miRNA deletion. As a 

result, miRNA-deficient NK cells have been studied in the context of other miRNA-

deficient cell types, which may affect NK cell function. One study using a tamoxifen-

inducible Cre to delete Dicer or Dgcr8 demonstrated that NK cell populations were much 

more sensitive to the loss of cellular miRNAs than were B or T cells.
170

 miRNA-deficient 

NK cells showed significant defects in survival, activation, antigen-driven proliferation, 

and cytokine production upon stimulation of ITAM-containing NK receptors. The NK 

receptor repertoire was not significantly altered when miRNAs were removed from 

mature NK cells, but NK cells had noticeably reduced expression of the activating 

NKG2D receptor, which recognizes stress-induced ligands that are often distantly related 

to class I MHC. NKG2D down-regulation was correlated with increased expression of 

NKG2D ligands on NK and other cell types, which likely resulted from cell stress caused 

by the loss of miRNAs and derepression of ligands that are direct miRNA targets. In 

human cells, the NKG2D ligands MICA and MICB are direct miRNA targets.
171,172

 It is 

currently unknown if analogous NKG2D ligands in mouse can be regulated by miRNAs. 
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Increased levels of NKG2D ligands can then lead to reduced NKG2D expression, which 

has been observed previously.
173

  

To circumvent artifacts that may result from ubiquitous miRNA depletion in 

mice, Sullivan et al. used human CD2 (hCD2) to drive Dicer deletion in a subset of 

immune cells, including all B, T, and NKT cells and approximately 30% of NK cells.
174

 

Lymphocytes that had turned on Cre were marked by a Rosa26-stop
fl
-YFP recombination 

reporter. Similar to the first report, this system revealed that miRNA-deficient NK cells 

had reduced survival and proliferation in specific settings. In contrast, Dicer-deficient 

cells show increased degranulation and interferon-! (IFN-!) production upon in vivo and 

in vitro stimulation. Of note, Dicer- and DGCR8-deficient T cells also produce increased 

IFN-!, which results in part from aberrant T-bet expression.
29,45

 An important caveat of 

this hCD2-driven deletion system is that, surprisingly, NK cells that had turned on Cre 

showed only ~50% reduction in most miRNAs. Single-cell PCR on sorted YFP
+
 cells 

from Dicer
fl/fl 

mice revealed that only 65% of NK cells had deleted both alleles, while 

10% had deleted just one allele and 25% had deleted neither allele. The high percentage 

of cells escaping deletion is surprising given robust inducible Dicer and DGRC8 deletion 

in YFP–tagged NK cells shown previously.
170

 Similarly high levels of CD4-Cre driven 

Dgcr8 deletion were achieved among YFP
+
 CD4

+
 T cells, and this deletion was 

confirmed using miRNA measurements.
45

 It is intriguing to speculate that NK cells are 

more sensitive than other lymphocytes to the loss of Dicer and miRNAs early in their 

development. Alternatively, hCD2-Cre may show low and variable expression in NK 

cells, leading to inefficient and variable deletion of Dicer.  
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A number of individual miRNAs are important for NK cell development and 

homeostasis. Mice deficient in or overexpressing miR-150 have reduced or increased NK 

cell numbers, respectively.
175

 miR-150-deficient NK cells further show defects in 

maturation and IFN-! production as well as a developmental block in immature BM NK 

cells, which up-regulate miR-150 as they develop from NKPs. The miR-150 target c-Myb 

was shown to be an important mediator of these developmental defects, as Myb 

heterozygotes phenocopied miR-150 transgenic overexpression in NK cells. In contrast, 

ectopic overexpression of miR-150 in NK- and T-cell lymphomas decreased proliferation 

and increased apoptosis, in part by down-regulating AKT2, a prosurvival serine/threonine 

kinase.
176

 Thus in the setting of oncogenesis, miR-150 may act as an NK cell tumor 

suppressor. Interestingly, many of the differentially expressed miRNAs in NK- and T-

lymphoma samples and cell lines (compared to normal NK cells) are down-regulated, 

which may result from increased MYC expression.
177

 Overexpression of some of these 

miRNAs, including miR-101, miR-26a, mir-26b, and miR-363 reduced cell growth, 

although this mechanism is incompletely understood.  

To date only one other miRNA besides miR-150, miR-181, has demonstrated 

importance in NK cell development specifically. In vitro differentiation of human 

umbilical cord CD34
+ 

cells into NK cells was associated with strong induction of miR-

181a and miR-181b expression.
178

 Knockdown of either miRNA led to reduced NK cell 

differentiation, whereas miR-181 overexpression had the opposite effect. Nemo-like 

kinase (NLK), an inhibitor of Notch signaling, was proposed to be an important 

mediatory of miR-181’s effects on NK cell development. Although NLK is predicted to 

be a miR-181 target and its protein abundance is inversely correlated with miR-181 
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levels, it remains unproven if NLK is a direct miR-181 target and if this pathway is 

important for human NK cell development in vivo.  

One of the major effector functions of NK cells is to provide a potent, early 

source of IFN-! during viral infections. Thus it comes as no surprise that NK cell 

production of IFN-! can be fine-tuned by miRNAs at numerous different levels. miR-29 

is important for the transcriptional, and perhaps the post-transcriptional regulation of 

IFN-! expression. In CD4
+
 T cells, miR-29 negatively regulates IFN-! expression by 

down-regulating the T-box transcription factors T-bet and Eomes.
45

 Both of these 

transcriptional regulators are highly expressed in NK cells, although their absence has 

relatively subtle effects on IFN-! production upon in vitro stimulation. Furthermore, T-

bet is dispensable for early viral control of MCMV, which is critically dependent on IFN-

! production from NK cells but not other lymphocyte lineages.
179-181

 It remains to be 

determined if Eomes is required for viral control of MCMV infection. Thus, it is 

currently unclear if miR-29-induced down-regulation of T-bet and Eomes can positively 

regulate IFN-! production from NK cells. One publication showed that miR-29 could 

directly target the IFN-! 3’ UTR in HEK293T cells, an activity that had not been 

observed in primary CD4
+
 T cells, which is where the miR-29 T-bet targeting 

experiments were carried out.
45,182

 These data suggest that miR-29-mediated IFN-! 

transcript silencing is cell-type specific. Like other cytokines, the IFN-! 3’UTR has AU-

rich elements that are likely to be differentially regulated in different contexts. Thus, it 

remains to be determined if miR-29 can directly regulate IFN-! in primary NK cells. 

Nonetheless, miR-29 is clearly important for NK cell function in vivo since NK cells 

constitutively expressing a miR-29 sponge show greater IFN-! production upon 
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stimulation with Listeria monocytogenes.
182

 The miR-15/16 family has also been shown 

to directly target the IFN-! 3’ UTR in HEK293T, although again it is unclear if this 

activity occurs in primary NK cells.
174

 

 miRNAs can also regulate signaling pathways that alter IFN-! production. For 

example, miR-155, which is strongly induced upon NK cell activation, can promote IFN-

! production by negatively regulating the inositol phosphatase SHIP-1.
183

 IL-12 is a 

potent pro-inflammatory cytokine that signals through STAT4 and activates NK cells to 

promote target killing and make other pro-inflammatory proteins, like IFN-!. 

Interestingly, prolonged IL-12 treatment leads to up-regulation of several miRNAs, 

including miR-132, miR-212, and miR-200a, that directly target the STAT4 3’ UTR.
184

 

Thus, these miRNAs comprise part of an autoregulatory feedback loop that blunts NK 

activation in the setting of protracted proinflammatory signals. Besides IFN-!, other NK 

cell cytotoxic proteins are subject to miRNA regulation. miR-27a
*
 can negatively 

regulate two cytotoxic proteins in NK cells, Perforin and Granzyme B.
185

 In addition, 

miR-223, which is down-regulated in NK cells upon IL-15 stimulation, can directly target 

the Granzyme B 3’UTR in HEK293T cells.
169

 However, miR-223 expression is so low in 

primary mouse NK cells (0.03% of miRNAs in one study
169

 and four reads/million 

sequences in another
44

) that it is unclear to what extent it can negatively regulate 

Granzyme B in physiologic conditions. 

 Together these reports suggest that miRNAs are emerging as important epigenetic 

regulators of NK cell development and effector function. Proteomic studies show that 

individual miRNAs may have hundred of individual targets.
46,47

 Therefore, much of the 

work presented here is undoubtedly an oversimplification of the complex regulatory 
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networks that are modulated by miRNAs. Studies of Dicer- and DGCR8-deficient NK 

cells intriguingly suggest that compared to other lymphocyte populations, NK cells are 

preferentially sensitive to perturbations in miRNA homeostasis. Therefore, NK cells are 

likely unique among lymphocytes in their responses to and regulation of individual 

miRNAs and global miRNA abundance.  
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Abstract 

 

Natural killer (NK) cells play a critical role in early host defense to infected and 

transformed cells. Here we show that mice deficient in Eri1, a conserved 3’-to-5’ 

exoribonuclease that represses RNA interference, have a cell-intrinsic defect in NK cell 

development and maturation. Eri1
–/– 

NK cells displayed delayed acquisition of Ly49 

receptors in the bone marrow and a selective reduction in Ly49D and Ly49H activating 

receptors in the periphery. Eri1 was required for immune-mediated control of mouse 

cytomegalovirus (MCMV) infection. Ly49H
+
 NK cells deficient in Eri1 failed to expand 

efficiently during MCMV infection, and virus-specific responses were also diminished 

among Eri1
–/– 

T cells. We identified miRNAs as the major endogenous small RNA target 

of Eri1 in mouse lymphocytes. Both NK and T cells deficient in Eri1 displayed a global, 

sequence-independent increase in miRNA abundance. Ectopic Eri1 expression rescued 

defective miRNA expression in mature Eri1
–/– 

T cells. Thus, mouse Eri1 regulates 

miRNA homeostasis in lymphocytes and is required for normal NK cell development and 

antiviral immunity.  
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Introduction 

 Natural Killer (NK) cells are important lymphocyte effectors that participate in 

early immune responses against tumors and pathogen-infected cells by secreting 

cytokines and directly lysing target cells.
186

 Unlike T and B cells, which become 

activated through single antigen-specific receptors, NK cell activation is controlled by the 

integration of signals from activating and inhibitory receptors.
146

 The inhibitory mouse 

Ly49 receptors are a highly polymorphic class of molecules that predominantly recognize 

major histocompatibility complex (MHC) class I ligands. In contrast, Ly49 activating 

receptors can bind MHC class I molecules or ligands expressed on transformed or 

infected cells. For example, Ly49H recognizes the m157 glycoprotein encoded by mouse 

cytomegalovirus (MCMV).
187,188

 During NK cell development in the bone marrow, Ly49 

receptors are acquired in a stochastic fashion just before cells undergo a major 

proliferative burst and are released into the periphery. Humans and mice with selective 

NK cell deficiencies are susceptible to severe recurrent infections, especially from 

herpesviruses like CMV.
189,190

 

 MicroRNAs (miRNAs) are ~22 nt noncoding RNAs generated from long RNA 

precursors by serial cleavage steps mediated by the Drosha-DGCR8 complex and Dicer. 

NK and T cells that lack miRNAs due to the targeted inactivation of Dicer, Drosha, or 

Dgcr8 show dramatic defects in proliferation, survival, and effector function.
27,170

 In 

addition, mutations in specific miRNAs, such as miR-181, miR-150, and miR-155 can 

have dramatic effects on NK cell development, cytotoxicity and IFN-! 

production.
175,178,183

 Individual miRNAs can modestly affect the stability and translation 

of hundreds of target mRNAs.
46,47

 Because multiple miRNAs may regulate the same 
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biological processes, post-transcriptional regulation of miRNAs as a class may 

profoundly alter gene expression programs.
191

  

Eri1 is a 3’-to-5’ exoribonuclease of the DEDDh family with a deeply conserved 

role in 5.8S rRNA 3’ end processing.
49,78

 It has also been repeatedly recruited into 

species-specific small RNA regulatory pathways over the course of evolution. eri1 

mutant Schizosaccharomyces pombe accumulate excess endogenous short interfering 

RNAs (endo-siRNAs) that promote heterochromatin formation.
95,96

 In contrast, 

Caenorhabditis elegans ERI-1 forms a complex with Dicer that generates nematode-

specific classes of endo-siRNAs.
72,73

 eri-1 mutant worms lack these endo-siRNAs, but 

also display an enhanced RNAi (Eri) phenotype whereby exogenous siRNAs show more 

robust silencing of mRNA targets.
62

 Eri1 overexpression suppresses RNAi in mouse and 

human cell lines,
76

 but its role in mammalian endogenous small RNA pathways remains 

undefined. Here we report that Eri1 negatively regulates global miRNA abundance and is 

required to promote normal NK cell homeostasis and immune function.  

 

Methods 

 

Mice and infections. C57BL/6 (JAX) (B6), CD45.1
+
 (Ptprc

a/a
) B6 (NCI), ICR, and 

Rag2
–/–

Il2rg
–/– 

mice (Taconic) were purchased. Eri1
fl/fl

;CD4-cre and Eri1
–/–

 and Ly49H-

deficient (Klr8
–/–

) B6 mice were described previously.
49,192

 ICR/B6 mice were generated 

by crossing ICR to Eri1
+/– 

B6 mice and backcrossing F1 mice to Eri1
+/– 

B6. To create 

chimeras, embryonic day 14.5 fetal liver cells were harvested and injected i.v. into B6 

mice lethally irradiated with a split dose of 1100 rad. For infections, mice were injected 

i.p. with 5x10
4
 pfu MCMV (Smith Strain). All experiments were conducted in 



! 97!

accordance with the University of California San Francisco Institutional Animal Care and 

Use Committee guidelines.  

NK Cytokine Production and cytotoxicity. Splenic NK cells were stimulated with 

antibodies against NK1.1, NKp46, Ly49D, Ly49H, or rat IgG2a or were incubated with 

IL-12 (20 ng/ml) and IL-18 (10 ng/ml) (R&D Systems). For LAMP-1 analysis, 

stimulated NK were incubated with anti-CD107a antibody (1D4B eBioscience). 

Splenocytes were incubated on antibody-coated plates for 5 hours in the presence of 

Brefeldin A followed by intracellular cytokine staining for IFN-!. For cytotoxicity assays 

wildtype (WT) and Eri1
–/– 

NK1.1
+
 TCR#

–
 NK cells were incubated for 6 hours with 

Ba/F3 cells or Ba/F3 cells stably expressing m157.
187

 
51

Cr release was used as described 

to measure NK cell-mediated lysis.
193

 

Western blot. Splenic NK1.1
+
 TCR#

–
 Ly49H

+ 
cells from uninfected or MCMV-infected 

B6 mice were sorted using a FACSAria (BD). Western blots were performed using a 

monoclonal antibody against #-actin (AC-74, Sigma Aldrich) and an affinity-purified 

polyclonal antibody against Eri1 (A28).
49

 

Adoptive transfers. Congenically marked WT and Eri1
–/–

 B6 splenic Ly49H
+
 NK cells 

were mixed at a 1:1 ratio, labeled with 10 "M CellTrace Violet as per manufacturer’s 

instructions (Invitrogen), and 6x10
4
 Ly49H

+
 NK equivalents were transferred i.v. into 

Ly49H-deficient recipients. Twenty-four h later, mice were injected with MCMV. 

Alternatively, WT and Eri1
–/–

 B6 splenic NK cells were mixed at a 1:1 ratio, and 0.5x10
6
 

NK equivalents were transferred i.v. into Rag2
–/–

Il2rg
–/–

 B6 mice.   
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MCMV titers. Unmixed chimeras were infected with MCMV and sacrificed 3.5 d later. 

Splenic and hepatic viral titers were determined as described previously.
193

 

T cell culture and stimulation. CD4
+
 T cells were purified from spleen and lymph 

nodes by magnetic bead selection (Dynal, Invitrogen) and activated with anti-CD3 and 

anti-CD28 antibodies. Cells were taken off stimulus on day 3 and expanded in IL-2-

containing media for sorting and analysis on day 6. Splenic T cells from MCMV-infected 

mice (d 8 post-infection (p.i.)) were isolated and stimulated with MCMV peptides (Table 

S1) or 10 nM phorbol 12-myristate 13-acetate (PMA) and 1 "M ionomycin and stained 

for intracellular IFN-! as described previously.
194

  

microRNA microarrays. Purified CD4
+
 T cells from one Eri1

–/–
 and two Eri1

fl/fl
;CD4-

cre mice and WT littermate controls (Eri1
+/+

, Eri1
fl/fl

, and Eri1
+/+

;CD4-cre) were 

activated in vitro for 40 hours under Th2 (1000 U/ml IL4 and 5 "g/ml anti-IFN-!) 

conditions. Total RNA was isolated (miRNeasy kit, Qiagen) and used for miRNA 

analysis using custom one-color Agilent microarrays (8X15K Agilent UCSF Custom 

miRNA V3.1) containing sequences from Sanger miRBase version 11.
51

 For each set of 5 

replicated probes across arrays, log2-scale average intensities were determined, corrected 

for background, and quantile-normalized. False discovery rate was calculated as 

described.
52

  

Deep Sequencing. Small (18–30 bp) RNA libraries were constructed from activated 

ICR/B6 WT and Eri1
–/–

 CD4
+
 T cells and sequenced as described.

53
 Adaptor sequences 

were trimmed from reads as described,
54

 and all reads 15–30 nt were mapped to the 

mouse genome (UCSC mm8 assembly). Only sequences mapping to the genome with up 

to two mismatches were analyzed. Mouse small noncoding RNA annotations were 
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compiled as described.
45

 For genome-wide analysis, sequences were grouped into 

independent genomic loci as described,
54

 and relative reads from each library were 

compared at every locus. Using an empirical Bayes method
195

 we determined that loci 

with a posterior probability greater than 0.9 of + 5-fold change were determined to have 

significant differential expression.  

Accession numbers: Deep sequencing (GSE31920) and microarray (GSE32126) data are 

available in the Gene Expression Omnibus (GEO) database. 

 

Results 

Peripheral deficiency and impaired bone marrow expansion of Eri1
–/– 

NK cells  

Compared with other tissues, Eri1 is highly expressed in mouse spleen and 

thymus, suggesting a role in the immune system.
49

 To determine whether the absence of 

Eri1 alters mature immune cell homeostasis, we evaluated splenocyte population 

frequencies in wildtype (WT) and Eri1-deficient (Eri1
–/–

) animals. The frequency and 

number of NK cells in the spleens of Eri1
–/–

 animals was reduced by 50% compared to 

their WT siblings (Fig. 1A-B). Other lymphocyte populations were present at normal 

numbers. NK cell frequency was also significantly reduced in the liver (P < 0.01) and 

bone marrow (BM; P < 0.05) (Fig. 1C). Similar results were obtained in hematopoietic 

chimeras reconstituted with WT or Eri1
–/–

 E14.5 fetal liver cells (Fig. S1). Thus, Eri1
–/–

 

NK cell reduction is intrinsic to the hematopoietic compartment.  

We next considered the possibility that the decrease in Eri1
–/– 

NK cells results 

from dysfunction in other hematopoietic cells. To test this hypothesis, we generated 

chimeras using a 1:1 mixture of Eri1
+/+

 (CD45.1
+
CD45.2

+
) and Eri1

–/–
 (CD45.1

–
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CD45.2
+
) E14.5 fetal liver cells. Mixed chimeras contained similar frequencies of BM 

Eri1
+/+

 and Eri1
–/–

 Lin
–
Sca-1

+
c-Kit

+ 
early hematopoietic precursors (Fig. 1D); yet, we 

observed a significant reduction in all splenic Eri1
–/–

lymphocyte lineages, including but 

not limited to NK cells (Figs. 1D-E).  In contrast, Eri1
+/+

 and Eri1
–/–

 splenic myeloid cell 

frequencies were similar. Since the presence of WT hematopoietic cells did not rescue the 

reduction in Eri1
–/–

 NK cells, we conclude that Eri1 is required in a cell-intrinsic manner 

to maintain normal NK cell numbers. Furthermore, competitive reconstitution unmasked 

a general defect in Eri1
–/–

 lymphocyte homeostasis that was not apparent in Eri1
–/– 

mice 

(Fig. 1A-B). This may reflect defective peripheral turnover due to competition for 

limiting growth factors or reduced development from a common lymphocyte precursor.  

Developing BM NK cells undergo ordered stages of maturation marked by the up-

regulation or down-regulation of specific integrins and the acquisition of NK receptors.
196

 

We examined five discrete populations of developing Eri1
+/+

 and Eri1
–/– 

BM NK cells in 

mixed fetal liver chimeras (Figs. 1F and S2A). There were no differences in the relative 

frequencies of Eri1
+/+

 and Eri1
–/– 

cells among early NK cell precursors (stages I-III). 

However, Eri1
–/– 

NK cells were significantly reduced starting at stage IV, which 

corresponds with a major proliferative phase, and at stage V, which is equivalent to 

mature CD11b
+
 NK cells. Although an underlying mechanism remains unclear, these 

data indicate that inefficient production of Eri1
–/– 

NK cells in the BM contributes to their 

inability to populate peripheral compartments at normal frequencies.  

Further analysis of developing WT BM NK populations revealed that stage III 

NK cells displayed high rates of cell death and apoptosis before they up-regulated CD49b 

and underwent a major proliferative burst at stage IV (Fig. S2B-D). WT and Eri1
–/–

 NK 
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populations displayed similar frequencies of dead and apoptotic cells during all stages of 

BM development (Fig. S2B-C). Eri1 deficiency also did not affect the frequency of 

BrdU-labeled cells following a 3 or 16 hr pulse (Fig. S2D and data not shown). Rapid 

clearance of necrotic and apoptotic cells in vivo may preclude the detection of subtle 

differences in cell death, and differences in proliferation that occur outside the pulse 

window may not be detected by BrdU labeling. Nevertheless, we can exclude the 

possibility that major stage-specific differences in cell death and proliferation underlie 

the cell-intrinsic reduction of Eri1
–/–

 BM NK cells.  

Given the relatively large reduction in peripheral NK cell numbers compared with 

the BM, we tested whether Eri1
–/–

 NK cells have a homeostatic defect that exists 

independently of developmental impairment. WT and Eri1
–/– 

NK cells incorporated BrdU 

provided in drinking water at the same rate, indicating normal NK cell turnover at steady 

state in vivo (Fig. S3A). Eri1
–/–

 NK cells also expanded at the same rate as WT cells 

when transferred into lymphocyte-deficient Rag2
–/–

Il2rg
–/–

 mice (Fig. S3B). Constitutive 

signaling through the IL-15 receptor is essential for NK cell development and survival.
197

 

WT and Eri1
–/– 

NK cells cultured in IL-15 ex vivo proliferated rapidly and underwent 

similar rates of cell death upon IL-15 withdrawal (Fig. S3C-D). Thus Eri1
–/– 

NK cells are 

competent to signal through the IL-15 receptor and are not particularly sensitive to the 

pro-apoptotic effects of IL-15 withdrawal. Together these data suggest that Eri1
–/– 

NK 

cells undergo impaired production in the BM in the setting of normal peripheral turnover 

and IL-15-dependent proliferation.  
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Impaired maturation and Ly49 receptor expression in Eri1-deficient NK cells 

We examined the cell surface phenotype of Eri1
–/–

 and WT NK cells in mixed 

chimeras to determine whether Eri1 deficiency affects NK cell maturation or activation 

status (Fig. 2A). Eri1
–/–

 NK expressed normal levels of the activating receptors NK1.1 

and NKp46, which are used to identify the NK lineage. They also expressed normal 

levels of NKG2D and CD69, which are up-regulated acutely in activated cells, and 

KLRG1, which remains elevated on NK cells previously expanded by activation.
198

 A 

significantly higher frequency of Eri1
–/– 

NK cells expressed the immature cell markers 

CD27 and NKG2A/C/E, and fewer Eri1
–/– 

NK cells expressed CD49b and CD11b, two 

integrins up-regulated in the final stages of NK cell maturation. Similar expression 

patterns were observed in Eri1
–/–

 NK cells from unmixed chimeras (data not shown). 

Eri1-deficient NK cells also displayed a skewed Ly49 receptor repertoire (Fig. 

2B). Surprisingly, Eri1
–/– 

NK cell populations displayed a specific reduction in the 

frequency of Ly49H and Ly49D-expressing cells. In contrast to these activating 

receptors, the inhibitory receptors Ly49C/I, Ly49G2, and Ly49A were expressed 

normally. Within each Ly49
+ 

subset, WT and Eri1
–/– 

NK cells displayed no difference in 

the intensity of Ly49 receptor staining. Since activating Ly49 receptors are more 

frequently expressed on mature than immature NK cells, we considered the possibility 

that reduced Ly49H expression frequency could simply reflect the altered maturation 

status of Eri1
–/– 

NK cells. However, Ly49H expression was decreased among both mature 

CD11b
+
 and immature CD11b

–
 Eri1

–/– 
NK cells (Fig. 2C), indicating that this defect may 

occur independently of NK cell maturation. 
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During their development, NK cells acquire Ly49 receptors in response to signals 

from the BM stroma.
160,199

 To determine when in NK cell development Eri1
–/– 

NK cells 

first show reduced Ly49H expression, we measured Ly49H
+ 

NK cell frequencies among 

stage II-V cells in the BM of mixed chimeras. Immature CD49b
–
 )V

+ 
NK cells acquire 

Ly49 receptors as they up-regulate c-Kit, which demarcates the transition from stage II to 

III cells (Fig. S2A). Eri1
–/– 

NK cells showed a marked reduction in Ly49H
+
 NK 

frequency at each developmental stage (Fig. 2D). Furthermore, all measured Ly49 

receptors, but not NKG2A/C/E receptors, were decreased in stage III Eri1
–/– 

NK cells, 

including inhibitory receptors (Table 1). The inhibitory Ly49 repertoire normalizes in 

peripheral Eri1
–/– 

NK cells, perhaps reflecting a selective growth advantage for NK cells 

with specific Ly49 repertoires. Together these data indicate that peripheral Eri1
–/– 

NK 

populations have an immature cell surface phenotype and a skewed Ly49 repertoire with 

fewer Ly49 activating receptors.  

 

Eri1 is dispensable for Ly49H-dependent NK cell-mediated cytotoxicity  

Activated NK cells degranulate and produce large amounts of IFN-!. We 

measured IFN-! production and the degranulation marker LAMP-1 (CD107a) in freshly 

isolated splenocytes activated with inflammatory cytokines or plate-bound antibodies that 

ligate activating NK cell receptors. WT and Eri1
–/– 

cells from mixed chimeras were 

stimulated together, negating indirect feedback mechanisms on NK cell activation. WT 

and Eri1-deficient NK cells showed similar LAMP-1 staining in all conditions tested 

except for ligation of Ly49H (Figs. 3A). In contrast, Eri1
–/–

 NK cells displayed modestly 

reduced IFN-! expression upon crosslinking of all immunoreceptor tyrosine-based 
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activation motif (ITAM)-associated receptors tested (Fig. 3B). More significant decreases 

were observed with Ly49H and Ly49D crosslinking (35% and 20%, respectively). These 

results likely reflect the reduced frequency of Eri1
–/– 

NK cells expressing these receptors 

rather than specific effects on Ly49 signaling. Indeed, starting Ly49H
+
 NK cell frequency 

significantly correlated with both LAMP-1 and IFN-! induction by Ly49H, but not 

NKp46 crosslinking (Figs. 3C-E). In addition, a consistent ~35% reduction in the 

frequency of IFN-!-producing NK cells was observed when the Ly49H crosslinking 

antibody stimulus was titrated down over two orders of magnitude (data not shown). 

To test whether Eri1
–/–

 NK cells can efficiently kill target cells in a Ly49H-

dependent manner, we incubated freshly isolated NK cells ex vivo with Ba/F3 cells stably 

transduced with the MCMV Ly49H ligand m157. WT and Eri1
–/–

 NK cells lysed the 

parental Ba/F3 line at similar rates (Fig. 4A). Furthermore, WT and Eri1
–/–

Ly49H
+
 NK 

cells lysed Ba/F3-m157 targets at equal efficiency (Fig. 4B). Together these data indicate 

that Eri1
–/–

 NK cells are competent to signal through NK cell receptors and mediate 

normal Ly49H-dependent and -independent cytotoxicity. However, the reduced 

frequency of Ly49H
+
 cells in Eri1

–/–
 NK cell populations leads to proportional defects in 

Ly49H-dependent effector activities. 

 

Eri1
–/– 

NK cells expand less during MCMV infection and show poor control of viral load 

Ly49H
+
 NK cells are critical for controlling MCMV infection in B6 mice.

200,201
 

Given the reduced Ly49H expression in Eri1
–/–

 NK cell populations, we investigated the 

in vivo activation of Eri1
–/– 

NK cells by MCMV. Early in MCMV infection all NK cells 

are activated nonspecifically by proinflammatory cytokines such as IL-12, IL-18, and 
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type I interferons.
202,203

 Then, several days after infection, there is marked expansion of 

Ly49H
+
 NK cells driven by Ly49H ligation by the viral antigen m157.

187,188
 Eri1 is 

strongly up-regulated in Ly49H
+
 NK cells over the course of MCMV infection (Fig. 5A), 

suggesting a potential role in NK cell activation. To study Eri1
–/–

 NK cell activation in 

response to MCMV, we infected mixed chimeras, obviating discrepant cytokine 

environments or antigenic loads that could complicate experiments in separate WT and 

Eri1
–/–

 mice.  

Early in MCMV infection, both WT and Eri1
–/– 

NK cells responded with robust 

IFN-! production (Fig. 5B) and up-regulation of NKG2D and CD69 (Fig. 5C). These 

results are consistent with efficient IFN-! production upon IL-12 and IL-18 stimulation 

ex vivo (Fig. 3B). Later in MCMV infection, WT Ly49H
+
 NK cells showed robust 

expansion, peaking at day 7 in both spleen and liver (Fig. 5D). In contrast, Eri1
–/– 

Ly49H
+
 

NK cells underwent inefficient expansion. As expected, Ly49H
– 
NK cells showed little 

change in total cell number regardless of their genotype. To assess Eri1
–/–

 NK cell 

expansion independent of the reduced initial Ly49H
+
 cell frequency, we adoptively 

transferred equal numbers of CellTrace Violet-labeled WT
 
and Eri1

–/–
 Ly49H

+
 NK cells 

into Ly49H-deficient hosts. Four days after infection with MCMV, WT Ly49H
+
 NK cells 

had diluted the cell proliferation dye more and undergone greater expansion than Eri1
–/– 

cells (Fig. 5E-F). Thus, Eri1-deficient NK cells are activated normally in early MCMV 

infection yet undergo poor Ly49H-dependent proliferation as the infection progresses.  

To determine if Eri1 is required to control viral load, we infected unmixed 

chimeras with MCMV. As observed in mixed chimeras, Eri1
–/– 

NK cells showed robust 

expression of IFN-! and up-regulated the early activation markers CD69 and NKG2D yet 
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displayed reduced expansion of Ly49H
+
 cells (data not shown). Like other mice with 

poor NK cell expansion,
190,192

 Eri1
–/–

 chimeras exhibited decreased splenomegaly and 

increased viral titers (Fig. 5G-H). We conclude that Eri1 is required in a cell-intrinsic 

manner for the normal expansion of Ly49H
+
 NK cells and control of MCMV infection.  

 

Reduced virus-specific T cell responses in the absence of Eri1 

Unlike NK cells, CD4 and CD8 lineage T cells were present at normal steady-

state numbers and proportions in the thymus and peripheral lymphoid tissues of Eri1
–/–

 

fetal liver chimeras (data not shown and Fig. S1A). The proportions of naïve, memory, 

and regulatory T cells were also normal, and similar results were obtained in 

Eri1
fl/fl

;CD4-cre mice that lack Eri1 only in T cells (data not shown). However, given the 

more general defect in Eri1
–/– 

lymphocyte development revealed in mixed fetal liver 

chimeras and the decreased expansion of antigen-specific Eri1
–/–

 NK cells during MCMV 

infection, we examined MCMV-specific responses in Eri1
–/–

 CD4
+
 and CD8

+
 T cells in 

mixed fetal liver chimeras. 

At day 8 p.i., T cells were evaluated by flow cytometry and by restimulation ex 

vivo with immunodominant MCMV peptides.
194,204

 As expected, infection increased the 

overall frequency of CD8
+
 T cells (Fig. 6A) and the proportion of activated CD4

+
 and 

CD8
+
 T cells marked by high expression of CD44 and/or down-regulation of CD62L 

(Fig. 6B). These changes occurred similarly in WT and Eri1
–/–

 T cells (Fig. 6A-B). 

However, fewer Eri1
–/–

 CD8
+
 cells were specific for the H2-D

b
-restricted M45985-993 

peptide epitope (Fig. 6C). Accordingly, M45 induced fewer IFN-!-producing Eri1
–/–

 

CD8
+
 cells, despite their increased response to PMA and ionomycin (Figs. 6D-E). We 
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also detected a reduced frequency of MCMV-specific IFN-!-producing Eri1
–/–

 CD4
+
 T 

cells despite robust IFN-! production upon PMA and ionomycin restimulation (Figs. 6F-

G). Together these data indicate that, like NK cells, Eri1
–/– 

T cells have diminished 

antigen-specific responses to MCMV infection. This defect is unlikely to contribute to 

poor MCMV control in Eri1
–/– 

chimeras at d 3 p.i. (Fig. 5H), when T cells, as well as B 

and NKT cells, are dispensable for viral clearance.
181

 However, decreased antiviral T cell 

responses in the absence of Eri1 may have important functional consequences for the 

control of latent infection and the establishment of MCMV-specific immunological 

memory.  

 

Eri1 negatively regulates miRNA abundance in lymphocytes  

 We next sought to identify important RNA targets for Eri1 in mouse lymphocytes. 

Eri1 inhibits RNAi in worms and mammalian cell lines and degrades siRNA duplexes in 

vitro.
62,76

 Given structural similarities between miRNA and siRNA duplexes, we 

conjectured that Eri1 regulates miRNA abundance in lymphocytes. Indeed, quantitative 

real time PCR (qRT-PCR) revealed, on average, a 2-fold increase in miRNA expression 

in Eri1
–/– 

NK cells compared to littermate controls (Fig. 7A). Highly expressed miRNAs 

(e.g. miR-150 and miR-21) and those expressed at one to two lower orders of magnitude 

(e.g. miR-106a and miR-181) were affected.
169

 Other non-coding RNAs, including U6 

snRNA, U7 snRNA, Arg-tRNA, and Sno202 were unaffected (Fig. 7A and data not 

shown).  

 Eri1 also regulated miRNA abundance in CD4
+
 T cells. Northern blot analyses 

showed a modest, consistent increase in the expression of several miRNAs in Eri1-



! 108!

deficient T cells (Fig. 7B). Because we could transduce primary Eri1
–/–

 T cells more 

easily than NK cells, we used these lymphocytes to rescue miRNA levels by ectopic 

expression of Eri1. Transducing Eri1-deficient T cells with a retrovirus encoding an Eri1-

ECFP fusion protein
49

 reduced miRNA expression to WT levels (Fig. 7C). Thus, altered 

miRNA abundance in Eri1-deficient lymphocytes was not the indirect result of impaired 

lymphocyte development. 

To test whether Eri1 preferentially affects some miRNAs, we performed 

microarray analysis of three independent Eri1-deficient and matched WT control T cell 

samples (Fig. 7D). Despite a high degree of reproducibility between samples (Pearson 

correlation coefficient r + 0.99), this analysis revealed no differentially expressed 

miRNAs in Eri1-deficient cells when using a false discovery rate of 5%. Note that array 

data were quantile normalized to compare expression of each miRNA relative to all other 

miRNAs, so these experiments do not detect global changes in miRNA expression. The 

high degree of similarity in miRNA expression patterns between WT and Eri1-deficient T 

cells indicated that Eri1 globally regulates the homeostasis of all miRNAs without any 

discernible sequence specificity.  

 In C. elegans, ERI-1 interacts with Dicer to form a complex that is required to 

generate some classes of endo-siRNAs.
72,73

 To determine if Eri1 is required for the 

biogenesis of any non-canonical classes of small RNAs in mouse lymphocytes, we used 

deep sequencing to broadly profile the small RNA transcriptome of WT and Eri1
–/–

 T 

cells (Fig. 7E and Fig. S4). All sequences were mapped to the mouse genome and 

assigned to 390,000 empirically determined genomic loci as described previously.
54

 This 

analysis revealed a high degree of similarity between WT and Eri1
–/– 

small RNA libraries 
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(r > 0.97) (Fig. 7E). Only two genomic loci had a greater than 90% probability of a 5-

fold or greater expression difference between the two libraries. A 5-fold cutoff for 

significance was established based on the observation that C. elegans deficient in 

components of the ERI-1-Dicer complex show at least a 5-fold decrease in specific 

classes of endo-siRNAs.
79

 Of the two loci differentially expressed in Eri1-deficient T 

cells, one (chromosome 13) could be accounted for by a single nucleotide polymorphism 

present in the Eri1
–/–

 but not the WT sample. The other locus (chromosome 8) contained 

a 28 nt RNA that mapped to a non-conserved intronic region of Ell. Using qRT-PCR, we 

could not confirm that this RNA was differentially expressed in Eri1
–/–

 T cells (data not 

shown). Together, our small RNA profiling data show that Eri1 negatively regulates 

miRNA abundance in a sequence-independent manner and that Eri1 is not required for 

the biogenesis of any abundant classes of small RNAs in T cells.  

 

Discussion 

Eri1 is a highly conserved exoribonuclease that has been recruited into small 

RNA regulatory pathways in evolutionarily diverse organisms. Our findings establish that 

mammalian Eri1 modulates global miRNA abundance, a novel regulatory activity that 

may be important for proper lymphocyte development and effector function. While Eri1
–

/– 
mice had normal numbers of B, T, and NKT cells, all Eri1

–/–
 lymphocyte lineages were 

reduced in mixed fetal liver chimeras. Thus, in the absence of competition, the 

homeostatic control of peripheral B and T cell numbers in Eri1
–/– 

mice likely masks a 

defect in their development. In contrast, steady-state NK cell populations were reduced to 

half their normal number. This observation may reflect differences in the regulation of 
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NK cell versus B and T cell homeostasis, or an NK cell-specific dependence on Eri1 

activity. The remaining Eri1
–/–

 NK cells exhibited an immature phenotype and skewed 

Ly49 repertoire marked by reduced Ly49H
+
 cells. Furthermore, these Eri1

–/– 
Ly49H

+
 NK 

cells failed to expand efficiently during MCMV infection. Eri1
–/–

 CD4
+
 and CD8

+
 T cells 

also displayed diminished antigen-specific MCMV responses, suggesting that Eri1 may 

generally enhance lymphocyte-mediated antiviral immunity. 

Immature BM CD49b
–
 )V

+
 NK cells acquire Ly49 receptors in a developmentally 

regulated fashion that correlates with c-Kit up-regulation.
196

 Ly49 induction requires 

direct contact with the BM stroma and is altered in the setting of signaling pathway 

defects.
160,165,199,205

 Similar to NK cells deficient in PI3K subunits or phospholipase C!2, 

Eri1
–/–

 BM NK cells showed delayed acquisition of multiple Ly49 receptors. However, 

unlike these mutants, which show mirrored peripheral Ly49 reduction, Eri1
–/–

 NK 

splenocytes have a normal Ly49 inhibitory repertoire and a selective reduction in Ly49D 

and Ly49H activating receptors. We hypothesize that the specific reduction in activating 

receptor repertoires results from delayed acquisition of all Ly49 receptors in the BM 

followed by the selective outgrowth of NK cells bearing specific inhibitory receptors.   

Ly49A, Ly49C, Ly49I, Ly49G2, and Ly49D all recognize class I MHC, and 

MHC may in turn shape their expression on NK cells.
206

 In contrast, the MCMV protein 

m157 is the only known ligand of Ly49H. The observed decrease in Ly49H and Ly49D-

expressing Eri1
–/–

 NK cells in mixed chimeras indicates that a cell-intrinsic mechanism 

underlies this defect rather than aberrant Ly49 ligand distribution. The adapter molecules 

DAP10 and DAP12 stabilize activating Ly49 receptors on the cell surface, and loss of 

either of these proteins leads to reduced Ly49D and Ly49H expression.
193,207

 Yet receptor 
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destabilization is an unlikely mechanism for Ly49 repertoire skewing on Eri1
–/–

 NK cells, 

as they showed no change in receptor density at the cell surface. Another possibility is 

that Ly49 activating receptors are direct miRNA targets that become down-regulated by 

miRNA derepression in Eri1
–/–

 NK cells. This is also unlikely given that miRNA 

depletion from mature NK cells does not alter Ly49 expression.
170

 A more probable 

scenario is that Eri1 alters Ly49H and Ly49D acquisition indirectly through effects on 

Ly49 transcriptional regulators. Such a mechanism has been proposed for aberrant 

Ly49A acquisition observed in miR-150 mutant mice.
175

 Further study of Eri1
–/–

 NK cells 

may provide new insight into the BM signals that drive Ly49 expression in developing 

NK cells. 

 The best predictor of effective antiviral immunity to MCMV in B6 mice is the 

expansion of pathogen-specific NK cells.
187,200,201,208

 Eri1
–/–

 NK cells displayed a reduced 

Ly49H
+
 repertoire and poor Ly49H-dependent expansion in response to viral infection, 

with a corresponding deficiency in viral clearance during the acute phase of infection. 

Although we observed a decreased frequency of MCMV-specific Eri1
–/–

 T cells in mixed 

fetal liver chimeras, T, B, and NKT cells are dispensable for viral clearance during early 

acute infection.
181

 Therefore, we speculate that NK cell dysfunction is the primary reason 

Eri1
–/–

 chimeras poorly controlled MCMV viral load. However, we cannot rule out the 

possibility that other hematopoietic populations may contribute to diminished viral 

clearance. Further study is required to fully define the extent of Eri1 regulation of 

immune responses. 

Reduced NK cell expansion was evident when equal numbers of WT and Eri1
–/–

 

Ly49H
+
 NK cells were transferred to Ly49H-deficient

 
hosts, suggesting an NK cell-
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intrinsic defect. Eri1
–/– 

NK cells also displayed a modest defect in IFN-! production upon 

crosslinking of ITAM-associated receptors in vitro, suggesting a general defect in 

activating receptor signal transduction that may contribute to poor viral control. Yet on a 

per-cell basis, Eri1
–/–

 and WT Ly49H
+
 NK cells surprisingly showed equal Ly49H-

dependent degranulation and target cell killing. Thus, Eri1
–/–

 NK cells are not generally 

hyporesponsive to Ly49H ligation or unable to mediate effector functions. Additionally, 

reduced NK cell expansion in MCMV infection does not reflect a general proliferation 

defect, as we observed normal IL-15-driven expansion in vitro and in vivo. Further 

research is needed to identify the affected pathways that mediate poor expansion of Eri1
–

/–
 Ly49H

+
 NK cells during MCMV infection. 

 Although we do not yet understand how Eri1 modulates mature miRNA 

abundance, we speculate that it acts by direct enzymatic degradation of precursor or 

mature miRNAs, as is observed for the small RNA exonucleases SDN1 in Arabidopsis 

and XRN-2 in C. elegans.
81,82

 More generally, our data suggest that Eri1-dependent 

regulation of endogenous small RNAs in mammalian somatic cells is distinctly different 

from that observed in S. pombe or C. elegans, where ERI-1 regulates endo-siRNA 

abundance. Deep sequencing analysis of small RNAs in WT and Eri1-deficient T cells 

revealed no small RNA species that were as dependent on Eri1 as some classes of endo-

siRNAs are in C. elegans. Thus, miRNAs are likely the major small RNA target for Eri1 

in somatic mammalian cells. This activity may not be restricted to mammals, as one 

previous report found that eri-1 mutant C. elegans expressed increased levels of mature 

miR-238.
73

 



! 113!

We cannot exclude the possibility that other Eri1 substrates, such as ribosomal 

RNA, may mediate some of the phenotypes observed in Eri1
–/– 

lymphocytes. 

Interestingly, Eri1
–/– 

mice share some phenotypic similarities with humans who have 

Diamond-Blackfan anemia (DBA),
49

 a heterogeneous disease most commonly attributed 

to Rps19 mutations.
209

 Lymphocyte deficiency is a common feature of many 

ribosomopathies including DBA, Shwachman-Diamond syndrome, and dyskeratosis 

congenita.
210

 Of note, we were unable to detect NK cell homeostasis defects in Rps19 

mutant mice (Dsk3) or Rps20 mutants (Dsk4) (data not shown).
211

 Studies are currently 

underway to determine if NK cell deficiency occurs in other mouse strains with 

mutations in ribosome-associated proteins.  

These results imply that miRNAs as a class are negatively regulated in 

lymphocytes and, by extension, so is miRNA-mediated gene silencing. Although Eri1 is 

broadly expressed due to its constitutive role in 5.8S rRNA maturation, it is enriched in 

lymphoid organs and is strongly up-regulated in activated lymphocytes. Thus, Eri1-

mediated repression of miRNAs may lead to cell-type specific defects. In this capacity, 

Eri1 comprises a growing class of factors that modulate miRNA expression at a global 

level.
191

 Many of these factors, including Eri1, are attractive therapeutic targets whose 

inhibition could enhance miRNA or siRNA-mediated gene repression.  
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Table 1. Activating and inhibitory receptor repertoire on splenic and developing 

bone marrow NK cells. 

 Eri1  II III IV V Spleen 

        

Ly49H 
+/+ 

–/– 
 

1.3 (0.1) 

0.5 (0.3) 

11.0 (2.5) 

4.6 (2.0) 

59.6 (3.4) 

40.8 (0.6) 

76.7 (3.8) 

61.4 (1.7) 

71.0 (3.5) 

50.1 (3.5) 

        

Ly49D 
+/+ 

–/– 
 

2.8 (0.5) 

2.3 (0.7) 

13.6 (2.0) 

6.9 (1.8) 

54.6 (2.9) 

47.7 (1.8) 

55.4 (1.5) 

53.1 (1.6) 

59.2 (1.0) 

48.4 (1.4) 

        

Ly49G2 
+/+ 

–/– 
 

4.2 (1.6) 

4.2 (1.6) 

15.9 (3.1) 

10.2 (2.4) 

50.4 (5.6) 

56.6 (2.3) 

49.2 (4.9) 

56.0 (5.2) 

37.3 (2.7) 

38.1 (6.0) 

        

Ly49C/I 
+/+ 

–/– 
 

5.5 (0.7) 

3.5 (1.2) 

19.0 (4.9) 

7.4 (1.2) 

30.9 (1.2) 

26.0 (1.7) 

34.6 (1.1) 

30.9 (1.9) 

28.9 (3.5) 

24.4 (4.0) 

        

NKG2A/C/E 
+/+ 

–/– 
 

59.8 (0.7) 

60.7 (3.2) 

60.1 (2.0) 

60.0 (1.8) 

44.9 (0.7) 

55.9 (4.2) 

45.5 (1.1) 

51.8 (2.8) 

44.0 (1.3) 

52.2 (0.9) 

        

 

 

WT CD45.1
+
 lethally irradiated hosts were reconstituted with a 1:1 mixture of fetal liver 

cells from congenic WT (CD45.1
+
 CD45.2

+
) and Eri1

–/–
 (CD45.2

+
) mice and analyzed 12 

weeks later. Table shows frequencies of NK cell receptor expression on freshly isolated 

WT and Eri1
–/–

 splenic NK cells (NK1.1
+
 CD3(

–
) and stage II – V developing BM NK 

cells (gating strategy shown in Fig. S2A). Table lists mean (standard deviation, SD) for 3 

mice.  
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Figure 1. NK cell deficiency in Eri1
–/– 

mice 
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Frequency (A) and absolute number (B) of spleen T (CD3(
+ 

NK1.1
–
), B (CD19

+
), NKT 

(NK1.1
+
 CD3(

+
), NK (NK1.1

+
 CD3(

–
), and Mac1

+
 (CD11b

+
 NK1.1

–
) cells enumerated 

by flow cytometry (N=5 ICR/B6 mice). (C) NK1.1
+
 CD3(

– 
NK cells in the indicated 

tissues. Numbers are NK cell frequency ± SD among total lymphocytes (N=5 ICR/B6 

mice). (D - F) CD45.1
+
 lethally irradiated hosts were reconstituted with a 1:1 mixture of 

fetal liver cells from WT (CD45.1
+
 CD45.2

+
) and Eri1

–/–
 (CD45.2

+
) donors and analyzed 

8 – 15 weeks later (N=3). (D) Frequency of donor- and host-derived cells among BM 

LSK (Lin
– 
c-Kit

+
 Sca-1

+
) cells and spleen CD45

+
, B, CD4

+
, and CD8

+
 T, NKT, NK, 

macrophage (CD11b
+ 

NK1.1
– 
Gr1

–
) and granulocyte (CD11b

+ 
Gr1

+
) cells. (E) Frequency 

of donor- and host-derived cells among NK cells in the indicated tissues. (F) Frequency 

of developing NK cell subsets (see Fig. S2A for gating strategy) among BM WT 

(CD45.1
+
CD45.2

+
) and Eri1

–/–
 (CD45.1

–
CD45.2

+
) cells. Bar graphs show mean ± SD. *P 

% 0.05, unpaired (A-B) or paired (D-F) Student’s t test. All data are representative of at 

least two independent experiments. 
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Figure 2. Impaired maturation and Ly49 receptor expression in Eri1

–/– 
NK cells 
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WT CD45.1
+
 lethally irradiated hosts were reconstituted with a 1:1 mixture of congenic 

WT (CD45.1
+
 CD45.2

+
) and Eri1

–/–
 (CD45.2

+
) fetal liver cells. Splenic (A-C) and BM 

(D) NK cells were analyzed by flow cytometry at 8-15 weeks. (A) Cell surface 

expression of activating receptors (NKp46 and NK1.1), activation markers (NKG2D and 

CD69) and maturation markers (CD27, NKG2A/C/E, KLRG1, CD11b, and CD49b) on 

WT (CD45.1
+
CD45.2

+
) and Eri1

–/– 
(CD45.1

–
CD45.2

+
) cells (left). Gated NK1.1

+
 CD3(

–
 

cells are shown for all stains, except for NK1.1, which shows gating on NKp46
+
 TCR#

–

cells. Summary of markers with significantly different expression on WT and Eri1
–/–

 NK 

cells (right). (B) Splenic NK cell activating and inhibitory Ly49 receptors. (C) Percentage 

of Ly49H
+
 cells among CD11b

+
 and CD11b

– 
NK cells. (D) Percentage of Ly49H

+ 
WT 

and Eri1
–/– 

NK cells at various stages of NK cell maturation in the BM (gating shown in 

Fig. S2A). Bar graphs and flow cytometry plots show mean ± SD (N=3 mice). *P % 0.05, 

paired Student’s t test. 
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Figure 3. Normal Ly49H-dependent NK cell cytotoxicity in the absence of Eri1 
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B6 WT CD45.1
+
 lethally irradiated hosts were reconstituted with a 1:1 mixture of 

congenic WT (CD45.1
+
 CD45.2

+
) and Eri1

–/–
 (CD45.2

+
) fetal liver cells. (A) At 12 

weeks, splenocytes were isolated and incubated in wells coated with IgG or mAbs against 

NK1.1, NKp46, Ly49D or Ly49H in the presence of anti-CD107a mAb. Alternatively, 

NK cells were stimulated with IL-12 and IL-18. Frequency of degranulated WT 

(CD45.1
+
CD45.2

+
) and Eri1

–/– 
(CD45.1

–
CD45.2

+
) CD107a

+
 NK cells (CD49b

+ 
TCR#

–
) is 

shown. (B) Splenic NK cells stimulated as in (A) in the presence of brefeldin A and 

stained for intracellular IFN-!. Flow cytometry plots show mean values for 10 mice. 

Summary graphs for Eri1
–/–

 NK (right) show mean relative to wildtype ± SD (paired 

Student’s t Test). (C-E) Regression of CD107a (C) or IFN-! (D-E) expression on 

percentage of Ly49H
+
 NK cells following stimulation with indicated mAbs. The Pearson 

correlation coefficient (r) and significance test for non-zero correlation (P) are shown for 

each plot (N=10 mice from three independent experiments).  

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"



! 121!

"
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Figure 4. Normal NK-mediated killing in the absence of Eri1. Lethally irradiated 

CD45.1
+
 mice were reconstituted with CD45.2

+
 B6 WT or Eri1

–/–
 fetal liver cells. Ten 

weeks later, splenic NK cells pooled from 3-4 mice were incubated with 
51

Cr-labeled 

target (A) Ba/F3 cells or (B) Ba/F3 cells stably expressing MCMV m157. Error bars 

indicate SD for triplicate measurements. Data are representative of two independent 

experiments.  
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Figure 5. Eri1 is required for Ly49H
+
 NK cell expansion and control of viral titers in 

MCMV infection 
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(A) Anti-Eri1 mAb immunoblot of Ly49H
+
 NK cells pooled from 3-4 mice and sorted at 

various timepoints after MCMV infection. Data are representative of two independent 

experiments. (B – D) B6 WT CD45.1
+
 lethally irradiated hosts were reconstituted with a 

1:1 mixture of congenic WT (CD45.1
+
 CD45.2

+
) and Eri1

–/–
 (CD45.2

+
) fetal liver cells. 

At 8 – 15 weeks, chimeras were infected with MCMV. WT (CD45.1
+
CD45.2

+
) and Eri1

–

/– 
(CD45.1

–
CD45.2

+
) NK cells (NK1.1

+
 CD3(

–
) were analyzed for (B) intracellular IFN-! 

and (C) cell surface CD69 and NKG2D expression. (D) Absolute numbers of WT and 

Eri1
–/– 

Ly49H
+ 

and Ly49H
–
 NK cells in the spleen and liver at various time points after 

infection. Error bars in (B) and (D) indicate SD (N=3 mice). (E – F) CD45.2
+
 Eri1

–/– 

splenic
 
Ly49H

+
 NK cells from reconstituted fetal liver chimeras or B6 mice were mixed 

1:1 with splenic
 
Ly49H

+
 NK cells from CD45.1

+
CD45.2

+ 
or CD45.1

+ 
WT B6 mice. 

Mixed splenocytes were labeled with CellTrace Violet and transferred into B6 CD45.1
+
 

Ly49H
–/– 

hosts. (E) CellTrace Violet dilution before and after MCMV infection. (F) 

Percentage of Ly49H
+
 NK cells transferred at day 0 (mean ± SEM, N=13 infected and 

four uninfected mice from four independent experiments). **P % 0.001, paired Student’s 

t Test. (G-H) B6 WT CD45.1
+
 lethally irradiated hosts were reconstituted with CD45.2

+
 

WT or Eri1
–/–

 fetal liver cells and infected with MCMV at 12 weeks. (G) Absolute 

numbers of WT and Eri1
–/– 

CD45.2
+
 splenocytes over the course of infection (mean ± 

SD, N=3 mice). (H) Viral titers in the spleen and liver were determined at d 3.5 p.i. by 

plaque assays. Horizontal line indicates the mean of each group (N=3 mice). *P % 0.05, 

two-tailed Mann-Whitney U test.  
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Figure 6. Reduced MCMV-specific CD4
+
 and CD8

+
 T cell frequency in the absence 

of Eri1 
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B6 WT CD45.1
+
 lethally irradiated hosts were reconstituted with a 1:1 mixture of 

congenic WT (CD45.1
+
 CD45.2

+
) and Eri1

–/–
 (CD45.2

+
) fetal liver cells. At 8 – 15 

weeks, chimeras were infected with MCMV and splenocytes were analyzed by flow 

cytometry at day 8 p.i. (A) Frequency of CD4
+
 and CD8

+ 
cells among WT (CD45.1

+
 

CD45.2
+
) or Eri1

–/–
 (CD45.1

–
 CD45.2

+
) splenocytes. (B) CD44 and CD62L expression 

on WT and Eri1
–/– 

CD4
+
 and CD8

+ 
cells. (C) Frequency of WT and Eri1

–/–
 (day 8 p.i.) or 

WT control (uninfected) CD8
+ 

cells labeled with M45-loaded H2-D
b
:Ig dimer. (D-G) 

Splenocytes from infected mice were restimulated with indicated peptides or PMA and 

ionomycin. Flow cytometric plots show the average percentage of gated CD8+ (D) or 

CD4
+
 (F) cells producing intracellular IFN-!. Summary graphs for Eri1

–/–
 splenic CD8

+
 

(E) and CD4
+
 (G) T cells show mean IFN-! expression relative to WT. Numbers indicate 

average values ± SD (A-C) or SEM (E and G) for 6 mice from two independent 

experiments. *P % 0.05 **P % 0.001, unpaired Student’s t Test. 
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Figure 7. Eri1 negatively regulates miRNAs in lymphocytes 
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(A) qRT-PCR analysis of miRNA expression in ICR/B6 Eri1
–/–

 NK (NK1.1
+
 CD3(

–
) 

cells purified by flow cytometry. Left, miRNA levels in Eri1
–/–

 NK cells shown relative 

to WT (light gray bars). Right, sum of measurements from ten miRNAs (dark gray bar) 

and Sno202 (white bar). Data were normalized to U6 snRNA. Graphs indicate mean ± 

SEM (N=6 ICR/B6 littermates). (B) Northern blot analysis of miRNAs from Eri1 

wildtype (WT, Eri1
+/+

;CD4-cre), heterozygous (Het, Eri1
fl/+

;CD4-cre), and knockout 

(KO, Eri1
fl/fl

;CD4-cre) CD4
+
 T cells. Values indicate miRNA-specific signals quantified 

by phosphoimager, normalized to Arg-tRNA and expressed relative to WT T cells. (C) 

Left, qRT-PCR analysis of miRNA expression in Eri1-deficient (Eri1
fl/fl

;CD4-cre)
 
T cells 

transduced with retroviruses encoding Thy1.1 and ECFP (light gray bars) or Thy1.1 and 

Eri1-ECFP (dark gray bars). Total RNA was prepared from transduced Thy1.1
+
 T cells 

purified by FACS. Data were normalized to U6 snRNA and expressed relative to miRNA 

measured in WT (Eri1
+/+

;CD4-cre) T cells transduced with ECFP retrovirus. Right, 

average of all miRNAs measured and Sno202 control. Columns show mean ± SEM (four 

independent experiments). (D) Microarray comparison of miRNA expression patterns in 

WT and Eri1-deficient CD4
+ 

T cells. Circles show average log2 hybridization 

fluorescence intensity values for quantile-normalized data from three independent T cell 

samples. Black diagonal lines show 2-fold intensity differences. (E) Small RNA read 

counts from WT and Eri1
–/–

 T cell sequencing libraries. Dots show read counts at 

independent genomic loci with reads normalized to total genomic sequences in each 

library. Black lines indicate 5-fold expression differences. Circled dots show loci with > 

90% posterior probability of a 5-fold expression difference between libraries. The 

location of these loci and gene origin of the most frequently cloned RNA from that locus 
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are Chr13:98860450–98860650, Rps18 pseudogene (left) and Chr8:73490090–73490290, 

Ell (right).   

 

 

Supplementary Material 

 

 

Supplementary Methods 

Antibodies and flow cytometry. Fc receptors were blocked with anti-CD16 + CD32 

mAbs (2.4G2) before surface antigen staining. Antibodies were acquired from 

eBioscience (CD3(, NK1.1, Gr-1, B220, CD45.1, CD45.2, CD4, CD8, CD122, CD49b, 

c-Kit, NKp46, NKG2D, CD69, CD62L, CD44, CD27, NKG2A/C/E, KLRG1, Ly49H, 

Ly49D, Ly49G2, IFN-!, IL-4, and IL-13), BioLegend (TCR-#, CD132, Ly49A, and 

human CD2), BD Pharmingen (CD19, Ter-119, )V, and Ly49C/I) and the UCSF 

Antibody Core (CD11b). Apoptosis assays were performed by costaining with Annexin-

V (BD) and DAPI. MCMV-specific CD8
+
 T cells were identified by staining with 

dimeric mouse H-2D
b
:Ig fusion protein (BD) loaded with MCMV M45 peptide 

(AnaSpec) followed by fluorophore-conjugated anti-mouse IgG1 (A85-1, BD). NK cells 

were enriched by labeling splenocytes with rat anti-mouse IgG mAbs against CD4, CD5, 

CD8, CD19, Gr-1, and Ter119 (UCSF Antibody Core) and magnetically depleting 

labeled cells with anti-rat IgG. Lineage markers to identify LSK (Lineage
– 
c-Kit

+
 Sca-1

+
) 

bone marrow (BM) populations included CD4, CD8, B220, Ter119 and CD3(. All cells 

were analyzed on an LSRII flow cytometer (BD) with FlowJo software (Tree Star). 

In vivo BrdU labeling. Mice were given water containing 0.8 mg/ml BrdU and 1% 

glucose for 1 week or were injected with 2 mg/ml BrdU i.p. 16 hours before analysis. NK 
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cells from spleen and/or BM were then isolated and stained for cell surface antigens and 

intranuclear BrdU with a BrdU Flow Kit (BD).  

In vitro analysis of IL-15-dependent NK cell proliferation and cell death. Splenic NK 

cells were enriched by negative depletion followed by positive selection of CD49b
+
 cells 

(Dynal, Invitrogen). Cells were then grown in RPMI-1640 medium supplemented with 

10% FBS (v/v), L-glutamine, beta mercaptoethanol, penicillin, streptomycin, and 

recombinant mouse IL-15 (50 ng/ml; R&D Systems). For survival experiments, NK cells 

were expanded in IL-15 for 6.5 days prior to IL-15 withdrawal. Live and dead cells were 

discriminated by staining with DAPI and Annexin-V (BD). 

NK Cytokine Production and LAMP-1 staining. Tissue culture plates treated with N-

(1-(2,3-dioleoyloxyl)propyl)-N,N,N-trimethylammonium methylsulphate (Sigma) were 

coated with antibodies against NK1.1, NKp46, Ly49D, Ly49H, or rat IgG2a. 

Alternatively, cells were incubated with IL-12 (20 ng/ml) and IL-18 (10 ng/ml) (R&D 

Systems). For LAMP-1 analysis, splenocytes were incubated on stimulating antibody-

coated plates in the presence of anti-CD107a antibody (1 "g/ml, 1D4B eBioscience) for 5 

h at 37ºC. To assess intracellular IFN-!, splenocytes were incubated on stimulating 

antibody-coated plates for 5 hours at 37ºC in the presence of Brefeldin A (BFA). Cells 

were then stained for surface antigens, fixed in 4% paraformaldehyde in PBS, 

permeabilized in 0.5% saponin in PBS, and then stained for IFN-!. For analysis of IFN-! 

production in NK cells following MCMV infection, freshly isolated splenocytes were 

incubated in BFA for 4 hours and then stained for IFN-!.  

T cell culture and stimulation. CD4
+
 T cells were purified from spleen and lymph 

nodes by magnetic bead selection (Dynal, Invitrogen) and activated with anti-CD3 
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(2C11, 0.25 "g/ml) and anti-CD28 (37.51, 1 "g/ml) antibodies crosslinked on goat-anti-

hamster IgG-coated plates. Cells were taken off stimulus on day 3 and expanded in media 

with 20 units/ml recombinant human IL-2 (NCI). Cells were collected on day 6 for 

sorting and analysis.  

Quantitative real time PCR. Total RNA was isolated with Trizol (Invitrogen). The 

NCode miRNA kit (Invitrogen) was used to polyadenylate and reverse transcribe small 

RNAs. Quantitative PCRs were performed with FastStart Universal SYBR Green Master 

Mix (Roche), a universal reverse primer, and RNA-specific forward primers (Table S2). 

All PCRs were completed on a LightCycler 480 using U6 snRNA as a reference for 

relative quantification with the 'Ct method.  

Northern blots. Ten "g of RNA was run on a 15% TBE-acrylamide urea gel and 

transferred to a 0.45 "m nylon membrane (Nytran SPC, Whatman). DNA oligonucleotide 

probes (Table S2) were labeled with 
32

P-!-ATP using polynucleotide kinase (NEB) and 

run over G25 columns (GE Healthcare). Membranes were pre-blocked with fish sperm 

DNA (0.2 mg/ml) in Denhardt’s solution and then hybridized with labeled probes 

overnight at 37ºC. Membranes were then washed twice with buffer I (2X saline sodium 

citrate (SSC), 0.05% SDS) then once with buffer II (0.1X SSC, 0.1% SDS) and exposed 

to screens for 24 h for phospho-imaging (GE Healthcare).  

Retroviral Transduction. Ecotrophic retroviruses were produced by calcium-phosphate 

transfection of Phoenix-E cells. Virus was concentrated by filtering supernatants (0.45 

"m, low protein binding PVDF, Millipore) and centrifuging at 6000 x g in an F13S rotor 

(Sorvall) for 12-20 hours. Approximately 1.5x10
6
 CD4

+
 T cells activated with anti-CD3 

and anti-CD28 mAb for 48 hours were transduced with concentrated virus by 
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centrifugation for 1 h at 700 x g in the presence of 5 "g/ml polybrene. Viral supernatants 

were removed 4 - 6 hours later, and T cell activation continued in fresh media for 12 

hours. 
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Supplementary Table 1. MCMV peptides used for stimulation of CD4

+
 and CD8

+
 T 

cells from infected mice.  

 

Protein Epitope Sequence MHC Restriction 

M45 985-993 HGIRNASFI II-D
b 

m139 419-426 TVYGFCLL II-K
b
 

m141 16-23 VIDAFSRL II-K
b
 

M25 409-423 NHLYETPISATAMVI I-A
b 

m142 24-38 RSRYLTAAAVTAVLQ I-A
b
 

"
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Supplementary Table 2. DNA oligonucleotides used for analysis of small RNAs 

using qRT-PCR and Northern blots.  
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qRT-PCR primer  Sequence (5’-3’)  

miR-103/107  AGCAGCATTGTACAGGGC  

miR-26b  TTCAAGTAATTCAGGATAGGT  

miR-29b  TAGCACCATTTGAAATCAGTG  

miR-142-3’  TGTAGTGTTTCCTACTTTATGGA  

miR-21 TAGCTTATCAGACTGATGTTGA  

miR-29a  TAGCACCATCTGAAATCGGTTA  

miR-150  TCTCCCAACCCTTGTACC  

miR-16  CGCCAATATTTACGTGCTGCTA  

miR-146a TGAGAACTGAATTCCATGGGTTA 

miR-181a AACATTCAACGCTGTCGGT 

miR-27a TTCACAGTGGCTAAGTTCCG 

miR-24 TGGCTCAGTTCAGCAGG 

miR-15b TAGCAGCACATCATGGTTTACA 

miR-23a ATCACATTGCCAGGGATTTCC 

miR-191 CAACGGAATCCCAAAAGCAG 

miR-106a CAAAGTGCTAACAGTGCAGGTA 

snoRNA 202 GCTGTACTGACTTGATGAAAGTACTT  

U6 snRNA  ACGCAAATTCGTGAAGCGTTCC  

  

Northern blot DNA 

probe   Sequence (5’-3’)  

miR-150  CACTGGTACAAGGGGTTGGGAGA  

miR-26a  AGCCTATCCTGGATTACTTGAA  

miR-142-5p  GTAGTGCTTTCTACTTTATGGG  

Arg-tRNA  GAACCCACAATCCCTGGCTTA  
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Figure S2. Eri1
–/–

 NK cell subsets in the bone marrow display normal rates of 

apoptosis and BrdU incorporation 
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B6 WT CD45.1
+
 lethally irradiated hosts were reconstituted with a 1:1 mixture of 

CD45.1
+
CD45.2

+
 WT and CD45.2

+
 KO fetal liver cells and analyzed by flow cytometry 

at 8–15 weeks. (A) Gating strategy to identify stage I-V NK cell progenitors from the 

bone marrow of mixed chimeras. (B-C) Frequency of dead Annexin-V
+
 DAPI

+
 (B) and 

apoptotic Annexin-V
+
 DAPI

–
 (C) WT and Eri1

–/– 
NK cell subsets from the bone marrow 

(BM) and spleen (N=3 mice. Data are representative of two independent experiments). 

(D) Percentage of BrdU-labeled BM and splenic NK cell from mixed chimeras 16 hours 

after BrdU injection. Columns in bar graphs show mean ± SD (N = 6 mice from two 

independent experiments).  
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Figure S3. Splenic Eri1
–/–

 NK cells display normal BrdU incorporation and 

homeostatic proliferation 
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(A) Percentage of BrdU-labeled splenic NK (NK1.1
+
 CD3(

–
) cells from WT and Eri1

–/– 

mice on BrdU drinking water for 1 week (N=5 ICR/B6 mice). (B) Equal numbers of WT 

(CD45.1
+
) and Eri1

–/–
 (CD45.2

+
) splenic NK cells were adoptively transferred into Rag2

–

/–
Il2rg

–/–
 CD45.2

+
 C57BL/6 mice and absolute numbers of transferred NK cells in the 

spleen were determined at days 3, 5, and 8 after transfer (N = 3 mice per time point). (C) 

Expansion of WT and Eri1
–/– 

splenic NK cells grown for 7 days in IL-15 (50 ng/ml) (N=3 

mice). (D) Percentage live (DAPI
–
) WT and Eri1

–/–
 splenic NK cells after 6 days of 

expansion in IL-15 followed by IL-15 withdrawal (circles) or continued growth in IL-15-

containing media (squares). Data summarize 4 independent experiments with NK cells 

from ICR/B6 mice. All graphs show mean ± SD. * P % 0.05, unpaired Student’s t test. 
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Figure S4. Small RNA composition of WT and Eri1
–/–

 T cell sequencing libraries 

"

"

A!

B!

C!

Small RNA!

Sequence 

Reads!

% Total 

Reads!

 No genome match ! 374,688! 7.36!
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(A) Size distribution of all cloned small RNAs. Frequencies of each size class are shown 

as a percentage of total sequencing reads in each library. (B and C) Classification of 

small RNAs from WT (B) and Eri1
–/–

 (C) T cell sequencing libraries shown as tables 

(left) and pie charts with relative frequencies of each category (right). “Other” indicates 

small RNAs that mapped to the mouse genome but were not classified in any of the other 

listed categories. These sequences include transposable elements (long terminal repeats, 

long interspersed elements, and short interspersed elements) and small RNAs derived 

from longer coding transcripts.  
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CHAPTER 4: Conclusions and Future Directions 

 

Small RNA profiling in T helper cells 

 miRNAs are emerging as important epigenetic regulators of gene expression in 

the immune system. The identification and profiling of miRNAs is an important first step 

to defining their role in lineage-specific gene expression programs, such as those in 

differentiated T helper cells. The first chapter of this thesis describes a method for 

profiling Dicer-dependent and Dicer-independent small RNA populations in 

lymphocytes. This method was then applied to defining the miRNA repertoire in actively 

differentiating Th1 and Th2 cells. Consistent with profiling experiments from fully 

polarized Th1 and Th2 cells,
34,44

 miRNA profiles in these differentiating cell types were 

highly similar. miRNAs that were enriched in Th1 cultures, such as miR-146a, miR-155, 

and miR-31, or miRNAs enriched in Th2 cultures, including members of the 

23b~27b~24-1 cluster, showed relatively subtle fold changes that were sometimes not 

reproducible by alternate hybridization-based methods like miRNA qPCR. These 

findings led to the hypothesis that miRNAs equally abundant in differentiating Th subsets 

may nonetheless have unique requirements in promoting lineage-specific gene expression 

programs. To test this hypothesis, miRNAs found by deep sequencing to be abundantly 

expressed in differentiating Th cells were screened for their ability to dampen IFN-! 

production from miRNA-deficient CD4
+
 T cells.

45
 This screen identified miR-29 as an 

important negative regulator of IFN-! production, in part due to its targeting of the T-box 

transcription factors T-bet and Eomes. Interestingly, even though miR-29 appears to 
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dampen a predominantly Th1 gene expression program, it is equally abundant in Th1 and 

Th2 effectors. 

 Taken together, miR-146a, miR-155, and miR-29 comprise a small but growing 

class of miRNAs that can influence Th cell effector functions. miR-146a, which is more 

highly expressed in mouse Th1 than Th2 cells, negatively regulates IFN-! production in 

part by targeting STAT1, an important transducer of IFN-! receptor signaling.
33

 In 

contrast, miR-155, which we found to be more abundant in differentiating Th1 cells, 

inhibits IL-4, IL-5, and IL-10 production in large part by negatively regulating c-MAF.31,32 

Despite subtle differential expression in Th1 and Th2 cells, miR-146a and miR-155 as well 

as miR-29 are all abundantly expressed in both effector subsets and thus must restrain 

Th1 and Th2 gene expression programs in both cell types. Although this may seem 

contradictory, it is consistent with the emerging model that miRNAs function as rheostats 

that fine-tune gene expression. Profiling protein output in wildtype neutrophils versus 

those deficient in miR-223 revealed hundreds of mRNA targets that could be directly 

repressed by miR-223, although each was affected to a relatively modest degree (i.e. less 

than two-fold).
46

 Similar results were observed when individual miRNAs, such as miR-

155, were overexpressed in HeLa cells. Overexpression lead to the down-regulation of 

several hundred mRNA targets and their corresponding proteins, but rarely was protein 

expression altered more than four-fold.
47

 In light of these findings, miR-146a and miR-29 

may repress weak Th1-inducing signals in Th2 cells more efficiently than they can 

dampen strong Th1 signals in Th1 cells. They may also act as part of a negative feedback 

loop that buffers IFN-! receptor signaling in Th1 cells. miRNA profiling studies like the 

one presented here, in combination with the evaluation of individual miRNA targets has 
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revealed that under physiologic conditions, the differential expression of miRNAs is 

insufficient to drive T helper fate decisions. miRNAs may instead act as buffers that 

either enhance the efficiency of Th cell differentiation or limit positive feedback loops 

that polarize Th1 or Th2 gene expression programs.  

 

Eri1 and the global regulation of miRNA homeostasis 

 When expressed at physiologic levels, most miRNAs repress their targets to a 

relatively modest degree. Consistent with this finding, the deletion of individual miRNAs 

in mice rarely leads to severe defects in embryonic development or hematopoiesis.
212

 

This can be explained in part by redundant transcript and pathway repression by multiple 

miRNAs. In addition, many miRNA-related defects are only unmasked by stress 

conditions, which may sensitize animals to the loss of specific miRNAs.
212

 In contrast to 

altering the abundance of an individual miRNA, the global regulation of all miRNAs 

would be predicted to have larger effects on immune cell development and effector 

function. Indeed, there may be multiple mechanisms that regulate global miRNA 

homeostasis in hematopoietic cells. Although miRNAs are often thought of as instigators 

of post-transcriptional gene regulation, they themselves are subject to post-transcriptional 

regulation at several different levels, including pri-miR and pre-miR processing as well 

as mature miRNA stability.
191

  

Several factors that regulate pri-miRNA processing by DGCR8 and Drosha have 

been identified. For example, reduced Microprocessor activity has been observed in 

multiple human cancers, leading to a global reduction in mature miRNAs.
213,214

 In 

contrast, cell lines that are grown to increasing density in vitro show enhanced Drosha 
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processing of pri-miRNAs without an associated change in Drosha or DGCR8 protein 

levels.
215

 These densely grown cell lines also show more efficient RISC formation. 

Although the observations in overgrown cell lines are striking, it is currently unclear what 

implications they have for physiologic or pathophysiologic cell growth in vivo. Another 

factor that modulates pri-miRNA processing is Ars2, which is a component of the nuclear 

cap-binding complex (CBC) that is highly expressed in proliferating cells and has been 

shown to directly bind and activate the Microprocessor complex.
216,217

 SERRATE, the 

Arabidopsis thaliana homolog of Ars2, forms a complex with the RNAse III enzyme 

Dicer-like 1 that is essential for pri-miRNA processing.
218

 Based on the highly conserved 

role of Ars2 in regulating pri-miRNA cleavage and its ability to bind the Microprocessor 

directly, it might be predicted that the loss of Ars2 would lead to a global down-

regulation miRNAs. However, its function in mammals appears limited to promoting the 

processing of select pri-miRNAs.
141,216,217

 In addition to being modulated by non-

essential proteins like Ars2, the Microprocessor itself is surprisingly found to have auto-

regulatory activity. DGCR8 binds to and stabilizes Drosha through protein-protein 

interactions. Together these proteins can direct the cleavage of two hairpins in the 

DGCR8 mRNA 5’ UTR, which leads to transcript degradation.
219,220

 Thus, pri-miRNAs 

and the DGCR8 transcript likely compete for Microprocessor activity and this 

competition buffers the global production of pre-miRNAs. 

miRNA production can also be regulated by a number of factors that are limiting 

for miRNA abundance. Two different studies report that the karyopherin Exportin-5, 

which transports pre-miRNAs from the nucleus to the cytoplasm, is one such factor. 

Exportin-5 overexpression can lead to increased levels of endogenous miRNAs and 
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exogenous short hairpin RNAs; however, it remains to be seen if Exportin-5 abundance is 

subject to regulation by endogenous cues.
221,222

 Another factor that is likely limiting for 

miRNA abundance is Argonaute-2 (Ago2). Similar to Exportin-5, increased or reduced 

expression of Ago2 leads to a corresponding increase or reduction in miRNA levels in 

several different cell types.
222-225

 Because this activity requires direct binding of Ago2 to 

miRNAs, Ago2 likely stabilizes miRNAs by protecting them from degradation. 

Consistent with this interpretation, Ago2 crystal structures reveal that both the 5’ and 3’ 

ends of miRNA guide strands are directly bound to Ago2, which protects them from 

exonucleolytic activity. Unlike Exportin-5, Ago2 is subject to post-transcriptional 

modifications that are predicted to alter RISC function and global miRNA abundance. 

For example, human Ago2 can be hydroxylated by the type I collagen prolyl-4-

hydroxylase (C-P4H[I]), which leads to Ago2 stabilization and increased RISC 

activity.
226

 Presumably factors that alter C-P4H[I] activity, for example hypoxia and 

TGF-# signaling, can also indirectly affect Ago2 activity and global miRNA abundance. 

In embryonic stem cells, mLin41, an E3 ubiquitin ligase in the TRIM protein family, 

mediates the ubiquitination of Ago2, leading to its degradation and an overall reduction 

in RISC activity.
227

 In some somatic cell types, specifically estrogen receptor )-negative 

breast cancer cells, there is elevated Ago2 expression, which is positively regulated by 

the epidermal growth factor (EGF) receptor/mitogen-activated protein kinase (MAPK) 

signaling pathway.
228

 Treating cells with a MAPK inhibitor decreases Ago2 levels, a 

phenomenon mitigated by the proteasome inhibitor MG132. Thus MAPK signaling in 

transformed cancer cells can increase Ago2 stability at least in part by preventing its 

ubiquitination and/or proteasomal degradation. Interestingly, some evidence suggests that 
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Dicer activity can be regulated by the MAPK extracellular signal-regulated kinase (ERK) 

pathway. Activated ERK can phosphorylate TRBP, which enhances global miRNA 

production by stabilizing Dicer-TRBP complexes.
229

 This finding implies that miRNA 

abundance can be increased or decreased depending on the presence or absence, 

respectively, of mitogenic signals. Dicing activity is very efficient in many cell types, as 

evidenced by low abundance of pre-miRNAs. While this suggests that Dicer is probably 

not limiting for miRNA formation, it appears that Dicer activity can surprisingly be 

titrated down by modulation of an associated cofactor.    

Proteins that modulate the homeostasis of mature miRNAs are emerging as 

important post-transcriptional regulators. In Arabidopsis, the 3’-5’ exoribonuclease 

SDN1 can directly degrade miRNAs lacking a 2’-O-methyl group.
81

 Similarly, the 5’-3’ 

exoribonuclease XRN-2 can directly degrade miRNAs in C. elegans.
82

 Some mature 

mammalian miRNAs are also subject to post-transcriptional regulation. For example the 

oligouridylation of let-7 by the terminal uridylyl transferase Zcchc11 and the 

polyadenylation of miR-122 by the poly(A) polymerase GLD-2 can prevent pre-miR 

processing by Dicer.
88,89,230

 In mammalian cells, no factor identified to date has been 

demonstrated to regulate global miRNA abundance by directly destabilizing mature 

miRNAs.  

The work presented here adds Eri1 to the growing list of factors that can regulate 

miRNA abundance mammals. Eri1 negatively regulates all miRNAs in mature 

lymphocytes in a sequence-independent manner. Unbiased profiling of small RNAs in 

wildtype and Eri1-deficient T cells revealed that there were no abundant classes of other 

small RNAs that required Eri1 for their biogenesis. Thus, mammalian Eri1-1 has 
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functionally diverged from C. elegans ERI-1, which is required for the biogenesis of 

specific classes of endogenous siRNAs.
72,73

 We speculate that Eri1 directly targets mature 

miRNAs and thus functions in the same vein as SDN1 and XRN-2; however, we cannot 

rule out the possibility that Eri1 tunes the efficiency of pri-miR or pre-miR processing by 

a direct or indirect mechanism. Like Ars2, which regulates Microprocessor activity, 

mRNA splicing, and histone mRNA 3’ end formation, Eri1 has been recruited into 

multiple RNA processing pathways that target ribosomal RNA and histone mRNA. We 

have identified an important role for Eri1 in miRNA biology; however, more work is 

required to understand how this function contributes to the epigenetic regulation of 

specific genes. 

 

Eri1 and antiviral defense 

 Although Eri1 has been recruited into divergent RNA processing pathways over 

the course of evolution, a common thread that runs through Eri1 biology is the 

modulation of antiviral responses. Our current work traces that thread through the 

mammalian immune system. In mice, as in C. elegans, Eri1 is ubiquitously expressed,
49,62

 

which probably reflects its role in ribosomal RNA maturation. Mouse Eri1 expression is 

especially enriched in lymphoid tissues and activated lymphocytes,
49,80

 suggesting a 

potential role in immune cell effector function. At baseline, Eri1
–/–

 mice have reduced 

NK cells yet maintain normal numbers of other hematopoietic lineages. In contrast, 

mixed chimeras reconstituted with wildtype and Eri1
–/– 

fetal liver cells show a specific 

reduction in Eri1
–/– 

lymphocytes, suggesting that in the setting of competition all 

lymphocytes require Eri1 for efficient homeostatic proliferation. Strikingly, Eri1-
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deficient lymphocytes display poor antigen-driven proliferation in response to MCMV 

infection. Because the frequency of antigen-specific NK cells is so important for 

controlling MCMV in acute infection, it follows that Eri1-deficient mice show poor 

control of viral load. 

 In C. elegans, RNAi evolved partially as an antiviral defense mechanism. 

Infection by all RNA viruses, with the exception of retroviruses, leads to the generation 

of dsRNAs in the infected host.
231

 In mammalian cells, specific pattern-recognition 

receptors like MDA-5, RIG-I, and TLR3 can recognize viral dsRNA and trigger an 

interferon response that culminates in the degradation of the dsRNAs by RNaseL and 

translational arrest, which can lead to apoptosis of the infected host cell. In contrast to the 

interferon response, which leads to a systemic antiviral state, plants and invertebrates can 

use small regulatory RNAs to generate sequence-specific immunity to invading RNA 

viruses. In these organisms, Dicer cuts viral long dsRNAs into small RNA duplexes that 

can be loaded into the RISC and direct cleavage of viral transcripts and genomic RNAs. 

This response can be further amplified in plants and nematodes by RNA-dependent RNA 

polymerases that generate copies of antiviral RNAs, which are then shuttled throughout 

the organism.
232,233

 C. elegans ERI-1 can negatively regulate these antiviral RNAs, 

probably by the same mechanism used to diminish exogenous RNAi.
130

 Thus in the 

absence of ERI-1, fewer nematode cells are permissive to viral infection and fewer 

overall cells are infected. Therefore, ERI-1 distribution in C. elegans correlates with 

tissue- and cell-specific viral susceptibility. Elevated ERI-1 expression in the gonad and a 

subset of neurons likely reflects an evolutionary compromise where the benefit of 
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generating ERI-1-dependent endogenous siRNAs outweighs the deleterious effects of 

poor viral control. 

 It is currently unknown if S. pombe Eri1 can modulate antiviral responses. Among 

yeast, the eri1 gene appears to have been selectively lost among species that have lost the 

RNAi machinery, like S. cerevisiae, while it is maintained in the RNAi competent species 

S. pombe.
62,128

 It has recently been suggested that resistance to the endemic killer virus is 

a major evolutionary driver for the loss of the RNAi machinery in certain yeast 

species.
129

 As in nematodes, RNAi has evolved in yeast partially as an antiviral defense 

mechanism. Thus the loss of the RNAi machinery in yeast cells is sufficient to render 

them susceptible to viral infection; however, endemic viral infection also confers 

resistance to lethal viral toxins produced by infected neighboring cells. The cost of 

infection, then, is that the RNAi-deficient strains that are resistant to viral toxins also lack 

the small RNA machinery necessary to protect against mobile genetic elements that may 

render them genetically unfit over time. Although these endemic killer viruses have not 

been detected in S. pombe, it is tempting to speculate that Eri1 can render specific fission 

yeast species temporarily susceptible to killer virus infection and thus resistant to killing 

by viral toxins. 

 To date there has been no convincing demonstration that RNAi exists as a natural 

antiviral defense mechanism in vertebrates.
234

 However, miRNAs encoded by viruses and 

infected host cells do play an important role in modulating viral infection in animals. It 

was once thought that many viruses would encode miRNAs, since these small RNA 

species provide a non-antigenic mechanism to regulate potentially hundreds of different 

transcripts. It is now known that only herpesviruses, a large family of nuclear-replicating 
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DNA viruses, encode numerous miRNAs while only a few other viruses encode just one 

or two miRNAs.
235

 Because NK cells are critical for the control of herpesvirus infections, 

it comes as no surprise that these viruses have evolved multiple mechanisms to engage 

NK cell inhibitory receptors and prevent host cell recognition by NK activating 

receptors.
236

 Consistent with this notion, multiple herpesviruses, including CMV, 

Kaposi’s sarcoma-associated herpesvirus (KSHV), and Epstein-Barr virus (EBV), encode 

miRNAs that directly target the host transcript for MICB, which is an MHC class I 

homolog that promotes NK cell killing by engagement of the activating NKG2D 

receptor.
237

 EBV encodes additional miRNAs that can down-regulate expression of the 

pro-apoptotic protein PUMA, thereby enhancing host cell survival, and repress 

production of the T cell attractant chemokine CXCL11.
238,239

 In addition to targeting host 

genes, virally encoded miRNAs can also regulate viral mRNA expression. For example 

herpes simplex virus I expresses specific miRNAs during latent infection that down-

regulate immediate-early transactivator genes and thus promote viral latency.
240

 This 

miRNA-mediated repression is then relieved during periods of active viral replication. 

 Although less well understood, there are several well-documented cases where 

host cell miRNAs can alter viral replication. EBV infection in B cells leads to strong up-

regulation of miR-155.
241

 Because transgenic overexpression of miR-155 in vivo is 

sufficient to drive oncogenic B cell transformation,
242

 and this transformation is 

important for establishing EBV latency, it follows that miR-155 is an important mediator 

of EBV latency. Interestingly, KSHV does not induce miR-155 expression in infected B 

cells; however, it does encode a miR-155 mimic that shares 100% seed sequence 

homology with human miR-155 and thus can phenocopy miR-155 up-regulation in EBV-
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infected B cells.
243,244

 Another example of a host cell miRNA facilitating viral replication 

is observed in hepatitis C virus (HCV) infection of hepatocytes. In this context, miR-122, 

which is highly enriched in liver cells, binds two sites in the 5’ UTR of the HCV genome 

and promotes viral genomic RNA replication by a mechanism that relies in part on 

stimulating HCV gene translation.
245-247

 Together these studies demonstrate that viruses 

can co-opt host miRNAs to promote their replication and, perhaps, to establish tissue-

specific tropism.  

 Our studies in mouse indicate that Eri1 is required in a cell-intrinsic manner to 

promote the robust expansion of antigen-specific NK and T cells during MCMV 

infection. Like CMV, MCMV can target many different organs and cell types, leading to 

a systemic infection with especially high acute-phase viral replication in the spleen and 

liver.
248-250

 Using recombinant GFP-expressing MCMV it was shown that after 

intraperitoneal injection, the virus traffics to mediastinal lymph nodes, where it can infect 

CD169
+
 subcapsular sinus macrophages.

251
 MCMV then transits to the spleen and liver, 

where infection is established in ER-TR7
+
 CD29

+
 reticular fibroblasts in each respective 

organ. At 48 hours, there is widespread infection in the liver and spleen, where infected 

dendritic cells (DCs) can be detected in the white pulp. Following the acute phase of 

infection, MCMV can establish latency in the submandibular salivary glands, where it 

replicates primarily in acinar glandular epithelial cells.
252,253

 These studies indicate that 

lymphocytes are not a primary reservoir for MCMV infection. Therefore, Eri1 probably 

promotes antiviral T and NK cell responses by modulating endogenous genes that 

mediate killing of infected target cells. In the future it will be interesting to test if Eri1 

expression in infected macrophages, DCs, fibroblasts, or epithelial cells can modulate 
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viral replication and/or host cell recognition and killing by NK cells or CD8 T cells. 

Based on the importance of host and viral miRNAs for herpesvirus replication, and the 

negative regulation of miRNAs by Eri1, it is intriguing to speculate that the absence of 

Eri1 leaves host cells permissive to infection by various herpesviruses.  

 

Future directions in Eri1 biology 

 While the work presented here provides new insights into the importance of 

mammalian Eri1 in miRNA homeostasis and immune cell function, it also highlights 

numerous areas of Eri1 biology that are incompletely understood and so offer exciting 

new areas of research. One of the major goals of this future research is to map 

phenotypes observed in Eri1
–/– 

mice back to defects in specific RNA processing 

pathways. Although we have observed that defective lymphocyte development and 

effector functions are correlated with altered miRNA homeostasis in Eri1-deficient mice, 

we cannot rule out the possibility that the aberrant regulation of other RNAs could 

contribute to these phenotypes. One approach to understanding the mechanistic 

underpinnings of Eri1
–/– 

lymphocyte phenotypes would be to continue documenting Eri1
–

/– 
NK cell defects in greater detail until specific dysregulated pathways are identified. One 

challenge to this approach is that many of these in vivo defects, such as reduced 

acquisition of Ly49 receptors in the bone marrow and poor proliferation of antigen-

specific NK cells, cannot be easily replicated in vitro, where specific genetic pathways 

can be more easily dissected. Nonetheless, efforts based on previously published work
254

 

could be made to establish in vitro culture systems that promote the differentiation of NK 

cells from hematopoietic stem cell precursors. A similar system could be established to 
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examine Ly49H-driven NK cell proliferation in vitro by stimulating cells with 

monoclonal antibodies that crosslink the Ly49H receptor or by co-culturing NK cells 

with m157-transduced fibroblasts. Alternatively, a more open-ended approach would be 

to transcriptionally profile wildtype and Eri1
–/– 

NK cells. Microarray analysis of gene 

expression in resting, IL-15-expanded wildtype and Eri1
–/– 

NK cells revealed no striking 

differences between the two populations (Appendix part 2). Thus, future transcriptional 

profiling experiments should be carried out on Eri1
–/– 

NK cell populations that display 

overt defects, such as developing bone marrow NK cells and NK cells activated in vivo at 

various time points after MCMV infection.  

Further dissection of the RNA processing pathways regulated by Eri1 may 

ultimately provide more useful insights into Eri1-dependent NK cell functions than 

simply interrogating NK cell phenotypes. As discussed in Chapters 2 and 3, further work 

is required to determine at which stage/s of biogenesis Eri1 affects miRNA abundance. 

This can be accomplished by comparing levels of pri-miRNAs, pre-miNAs, and mature 

miRNAs in wildtype and Eri1-deficient lymphocytes. A previously published method for 

RNA immunoprecipitation with an Eri1-specific monoclonal antibody can be used to 

determine if Eri1’s effect on miRNAs involves direct binding to miRNAs or miRNA-

containing ribonucleoprotein complexes.
49

 In addition, we can try to mitigate miRNA-

related phenotypes in Eri1
–/–

 mice by rescuing defects in global miRNA abundance. One 

way to achieve this is by removing one or both alleles of Ago2, which is limiting for 

miRNA stability in some cell types (see Appendix part 2). 

 Although Eri1-deficient mice display some phenotypes, such as small stature, that 

are frequently associated with mutations in ribosome-associated proteins, it is unclear 
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how Eri1’s interaction with the ribosome could lead to ribosome dysfunction. One 

possibility is that 5.8S 3’ end-trimming is essential for ribosome function. Because there 

are many copies of ribosomal RNA genes throughout the genome, it would be virtually 

impossible to generate a knock-in model that rescued this trimming defect in Eri1-

deficient mice. Alternatively, it may be possible, even if technically challenging, to 

design a hammerhead ribozyme that mimics 5.8S 3’ end trimming. Another model is that 

Eri1 simply serves as a scaffold that recruits other proteins to the ribosome and/or 

promotes proper ribosome folding. This could be tested by reconstituting irradiated mice 

with Eri1
–/– 

fetal cells stably expressing a catalytically inactive Eri1 mutant that binds 

ribosomal RNA but is unable to carry out trimming functions.
49

 One complicating factor 

of this approach is that this enzymatic mutant binds ribosomal RNA more tightly than the 

wildtype protein and thus could remain inappropriately associated with translating 

polysomes or other RNA targets, thereby altering their normal functions. In the future it 

will be important to determine if the loss of Eri1 has any effect on global protein 

translation rates, which can be estimated by quantifying radioactive amino acid 

incorporation into newly synthesized proteins or by using sucrose gradient fractionation 

to study polysome profiles (see Appendix part 1). Transcript-specific translation defects 

in Eri1-deficient mice can be interrogated at high resolution by ribosome profiling, which 

identifies polysome-associated transcripts using deep sequencing.
107

 

 Cell-cycling defects may account for reduced NK cell numbers and impaired 

antigen-driven lymphocyte proliferation in Eri1
–/– 

animals. Thus it is reasonable to test if 

Eri1-deficient lymphocytes show defects in histone mRNA turnover at the end of S-

phase. Such defects are associated with chromosome loss, genomic instability, and cell 
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cycle arrest.
108-110

 These studies could be achieved by measuring replication-dependent 

histone mRNA abundance in synchronized NK or T cell populations as cells transit 

through different stages of the cell cycle. In addition, it would be interesting to determine 

if any Eri1-associated lymphocyte defects are phenocopied in other mouse strains with 

aberrant histone mRNA turnover, as would be observed in Stem-loop binding protein 

mutants. If Eri1-associated lymphocyte phenotypes track with inappropriate histone 

mRNA accumulation that would be a strong indication that cycling lymphocytes are 

especially sensitive to histone protein dosage. 

 Even with our nascent understanding of Eri1’s role in ribosomal RNA, histone 

mRNA, and miRNA metabolism, these seemingly divergent functions already paint a 

potentially very complex overlay of phenotypes attributable to multiple dysfunctional 

pathways. This picture is even further complicated by the fact that we probably do not 

know all or Eri1’s RNA targets. Our understanding of Eri1 biology would be much 

improved by an unbiased analysis of all cellular RNAs bound by Eri1. This could be 

achieved through a method like PAR-CLIP, which uses low energy UV light to crosslink 

proteins to bound RNAs.
255

 Ribonucleoprotein complexes are then immunoprecipitated 

by pulling down specific RNA binding proteins, and the bound RNAs are identified by 

high-throughput sequencing. One advantage of this approach over traditional RNA 

immunoprecipitation is that crosslinked sites are identified by thymidine to cytidine 

transitions in cDNAs prepared from cells treated with the photoactivatable nucleoside 4-

thiouridine. This allows for the precise mapping of RNA binding sites; however, if the 

protein in question exists as part of a larger complex of proteins, it is possible that these 

sites are not bound directly by the immunoprecipitated protein. A further complicating 
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factor is that Eri1 RNA immunoprecipitation pulls down ribosomal RNA, which accounts 

for over 80% of RNA in most cell types. Because ribosomal RNA sequences could 

saturate PAR-CLIP analysis, they may have to be depleted from cell lysates prior to Eri1 

immunoprecipitation. The identification of Eri1’s RNA binding partners will likely guide 

the investigation of additional protein complexes that can modify Eri1’s activity. 

 To date, the study of Eri1 biology has existed primarily in the realm of model 

organisms, including yeast, nematodes, and mice. Given Eri1’s highly conserved role in 

metazoan ribosomal RNA processing and the observation that human Eri1 

overexpression in HeLa cells can inhibit exogenous RNAi,
76

 it is likely that the study of 

Eri1 has important implications for human biology. The work presented here and 

elsewhere provides some insight into how human populations could be screened for 

defects in Eri1 function. Given the relatively subtle reductions in circulating lymphocyte 

frequency observed in Eri1-deficient mice, it is unlikely that humans harboring Eri1 

mutations could be identified by this finding alone. Instead, humans harboring mutations 

in Eri1 would likely present with recurrent infections indicative of a primary 

immunodeficiency. Similar to humans with rare NK cell immunodeficiencies or NK 

functional defects, Eri1 mutant humans would be expected to show susceptibility to 

severe, recurrent, and atypical herpesvirus infections.
256,257

 Interestingly, several of the 

genes that have been implicated in NK cell immunodeficiency, such as minichromosome 

maintenance complex component 4, are, like Eri1, ubiquitously expressed; however, their 

mutation surprisingly leads to striking cell- and tissue-specific defects.
258,259

 One human 

syndrome that encompasses several phenotypes observed in Eri1
–/– 

mice is Diamond 

Blackfan anemia (DBA). Like people with DBA, Eri1-deficient mice exhibit aberrant 
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skeletal patterning and hematopoiesis, which leads to a consistent finding of macrocytic 

anemia (see Appendix part 1). Thus people with Eri1 mutations may present with a 

constellation of symptoms similar to individuals with DBA. Studying the complex layers 

of Eri1 biology in the context of human disease will undoubtedly further our 

understanding of the role RNA metabolism plays in regulating epigenetic gene 

expression in the immune system. 
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APPENDIX 

 

PART 1: Evaluating Ribosome Function and Translation in Eri1
–/–

 Mice 

 

Introduction 

Ribosomopathies comprise a heterogeneous group of disorders marked by 

impaired ribosome biogenesis and function. The first ribosomal gene to be implicated in 

human disease was Rps19, which was discovered in 1999 to be mutated in patients with 

Diamond-Blackfan anemia (DBA).
260

 DBA is a rare, often autosomal dominant disease 

associated with macrocytic anemia, short stature, craniofacial defects, and thumb 

abnormalities. Since the time of this first observation over a decade ago, several other 

disorders associated with bone marrow failure have been linked to aberrant ribosome 

function, including 5q-syndrome, Shwachman-Diamond syndrome, X-linked 

dyskeratosis congenita, and cartilage hair hypoplasia. Like DBA, these diseases are most 

frequently linked to mutations in ribosome-associated proteins, which process ribosomal 

RNAs (rRNAs) and serve as scaffolds for ribonucleoprotein complexes. Although the 

clinical manifestations of ribosomopathies are varied, they frequently involve skeletal 

abnormalities and bone marrow failures that can lead to common variable 

immunodeficiency.
210,261

  

 Eukaryotic ribosome assembly is a complex process that requires over 200 

proteins to process and fold rRNA into two large subunits, the 40S and 60S.
262

 Once 

formed, these subunits come together to form the translationally active 80S. In addition to 

the four core rRNAs (18S, 5.8S, 28S, and 5S), the mature 80S has approximately 80 core 

ribosomal proteins, 150 associated proteins, and 70 small nucleolar RNAs, which guide 

the methylation and pseudouridylation of individual rRNA bases.
263

 The 40S subunit 
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contains the 18S rRNA while the 60S contains the 28S, 5.8S, and 5S rRNAs. The 18S, 

5.8S, and 28S all derive from a single 47S rRNA precursor transcribed by polymerase I, 

whereas the 5S is transcribed separately by polymerase III. Once transcribed, rRNAs are 

processed by a series of regulated endo- and exonucleolytic cleavage steps that take place 

predominantly in the nucleolus and are finalized in the cytosol.  

 It remains unclear how mutations in ubiquitously expressed ribosomal proteins 

can lead to tissue-specific pathologies. Data indicate that most ribosomopathies are a 

direct result of ribosomal haploinsufficiency. Indeed, most mutations in Rps19, which is 

the most common attributable cause of DBA, are deletions or translocations that result in 

one functional Rps19 allele.
264

 Similarly, the 5q- syndrome is associated with the loss of 

one Rps14 allele, which results from an interstitial chromosomal deletion.
265

 Not 

surprisingly, given the importance of protein translation to organism viability, no 

ribosomopathies discovered to date feature biallelic inactivation of ribosomal genes. 

Although incompletely understood, it appears that haploinsufficiency can result in 

ribosome biogenesis or protein translation defects that activate p53. p53 activation in turn 

is a hallmark of some ribosomopathy-associated symptoms like macrocytic anemia, a 

pathology observed in both people and mice with mutations in Rps19 and Rps14.
261

 In 

mice harboring either of these mutations, the removal of one Trp53 allele ameliorates 

anemia while removal of both alleles completely abrogates erythroid defects.
211,266

 In 

Rps19 mutant mice, the simultaneous removal of both Trp53 alleles also mitigates defects 

in reduced body weight, suggesting that p53 activation may account for multiple 

phenotypes associated with defective ribosome biogenesis. 
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The exact mechanism by which p53 becomes activated in response to ribosome 

dysfunction is controversial and may be triggered by several independent mechanisms.
261

 

In one proposed mechanism, haploinsufficiency in ribosomal genes may lead to an 

accumulation of ribosomal proteins that can bind to and inhibit MDM2, a ubiquitin ligase 

that tags p53 for degradation.
267,268

 The stabilization of p53 is then proposed to initiate 

cell cycle arrest and apoptosis, which leads to tissue-specific phenotypes.
211

 To date, the 

accumulation of ribosomal proteins has been demonstrated using only artificial nucleolar 

disruption. It is therefore unclear if protein accumulation occurs in the setting of 

ribosomal protein mutations. Another potential model posits that haploinsufficiency gives 

rise to reduced translation of globin genes in red cells, which leads to a corresponding 

increase in free heme, oxidative stress, and red cell apoptosis.
269

 Although this model 

appears relevant only to red blood cell pathology, mutations in a heme export protein lead 

to not only macrocytic anemia but also craniofacial and limb deformities, such as those 

seen in DBA.
269

 Thus some DBA phenotypes may be the indirect result of dysregulated 

iron homeostasis.  

Although ribosome-associated proteins were originally thought to function 

constitutively in the ribosome, recent evidence suggests that some subsets may have a 

regulatory role in promoting the translation of specific mRNAs. Such a role has been 

described for RPL38, which enhances the translation of specific Hox genes involved in 

anterior-posterior skeletal patterning.
100

 The absence of Rpl38 leads to reduced Hox gene 

expression and concomitant homeotic transformations along the developing spinal 

column. Although the mechanism underlying this translational specificity is incompletely 

understood, it occurs in the absence of global protein translation defects. Whereas some 
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ribosomopathy-associated phenotypes result from reduced ribosome biogenesis and 

protein translation, others may result from transcript-specific translation defects or even 

defects in extra-ribosomal functions.  

Eri1 mutant mice share a number of phenotypic features with humans, mice and 

flies harboring mutations in ribosomal protein genes.
49

 For example, Eri1
–/– 

mice show 

perinatal lethality, reduced body size, and homeotic transformation of a lumbar vertebra 

into a thoracic vertebra, which is a variable phenotype (unpublished observations). 

Furthermore, Eri1
–/– 

murine embryonic fibroblasts show slower cycling after six 

passages.
49

 Interestingly, Eri1-deficient S. pombe and C. elegans display no growth or 

viability phenotypes.
62,78

 This observation may reflect Eri1’s recruitment into distinct 

pathways in mice but not other model organisms. Alternatively, this may reflect the 

finding that humans and mice are less able to compensate for ribosome gene 

haploinsufficiency than invertebrates like flies.
270

 In mammals, Eri1 associates with 

ribosomal RNA as early as the 47S rRNA precursor stage and remains attached to the 

ribosome even in actively translating polysome fractions.
49

 There is no indication that 

rRNA precursor processing efficiency is altered in the absence of Eri1; however, this 

does not preclude the possibility that mature ribosome function is disrupted in Eri1
–/– 

mice, leading to significant pathology.  

 

Results and discussion 

Aberrant ribosome function can lead to p53-dependent defects in cell growth and 

viability. To see if growth, viability, or hematopoietic defects observed in Eri1-deficient 

mice are mediated by p53 stabilization, we attempted to rescue these phenotypes by 
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removing one or both alleles of Trp53. Eri1
–/– 

C57BL/6 (B6) mice show greater than 90% 

perinatal lethality, which can be partially rescued by crossing animals to outbred mouse 

strains like ICR.
49

 1"2'%(!3456!96:6!H6/6:.I60!BE!5:8>>4/H!1"2!I8!!"#$/'0.%(!3456!

./0!B.5J5:8>>4/H!=6I6:8REH8<>!KL!3456!I8!!"#$/'0.%(?!Consistent with prior 

observations, the genotypes of adult animals from this cross were present at the expected 

Mendelian frequency (Fig. 1A). In contrast, ICR/B6 mice missing one or both alleles of 

Trp53 showed significantly reduced numbers of Eri1
–/–

 mice, with a corresponding 

increase in the frequency of other genotypes. Thus, removing at least one Trp53 allele 

negated the pro-survival effects conferred on Eri1
–/– 

mice by the genetically outbred 

background. ICR/B6 Eri1
–/– 

mice also showed reduced body weight, although in contrast 

to observations from a previous study,
49

 this difference was significant only among males 

(Fig. 1B). Reduced body weight in Eri1
–/– 

mice persisted when one or two alleles of 

Trp53 were removed.  

We next sought to determine if reducing the p53 gene dosage could rescue any of 

the defects observed in Eri1
–/– 

hematopoietic lineages. ICR/B6 Eri1
–/– 

mice have reduced 

numbers of splenic natural killer (NK) cells (Chapter 3 and Fig. 1C). This reduction was 

present regardless if one or more alleles of Trp53 were removed. In addition to NK cells, 

Eri1
–/– 

mice also have reduced numbers of erythrocytes (Fig. 1D). This anemia was 

associated with reduced hemoglobin levels and macrocytosis, a finding present in other 

bone marrow failure syndromes such as DBA and 5q- syndrome.
261

 Eri1
–/– 

erythrocytes 

also displayed reduced red cell distribution width (RDW), a measure of the variability in 

erythrocyte size. RDW reduction was likely a consequence of increased erythrocyte size. 

None of the aberrant red blood cell-associated phenotypes were rescued by removing one  
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Figure 1. Reducing Trp53 gene dosage does not rescue growth, viability, or 

hematopoietic phenotypes associated with the loss of Eri1 
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(A) Genotype frequency of adult (> 8 weeks old) ICR/B6 mice produced from the cross 

of ICR/B6 Eri1
+/–

 mice to B6 Eri1
+/– 

mice. Genotypes of approximately 80 mice from 12 

different litters are represented. P values from Chi-squared tests comparing observed and 

expected Mendelian genotype frequencies are indicated. (B-D) Body weight (B), splenic 

NK cell frequency (C) and red blood cell counts (D) in ICR/B6 Eri1
+/–

 mice. Forty mice 

from six different litters are represented in this analysis, which includes 19 Eri1
+/+ 

or 

Eri1
+/– 

Trp53
+/– 

or Trp53
–/– 

mice, 11 Eri1
+/+ 

or Eri1
+/– 

Trp53
+/+ 

mice, 7 Eri1
–/– 

Trp53
+/–

 

mice and 3 Eri1
–/– 

Trp53
+/+

 mice. Splenic NK cells were identified by flow cytometric 

analysis of NK1.1
+
 TCR#

–
 populations. Red blood cell analysis parameters include red 

blood cell count (RBC; millions/"l), hemoglobin (Hb; g/dL), hematocrit (Hct; 

percentage), mean corpuscular volume (MCV; fL), mean corpuscular hemoglobin 

concentration (MCHC; g/dL), mean corpuscular hemoglobin (MCH; pg) and red cell 

distribution width (RDW, percentage). All values are shown relative to Eri1
+/+ 

or Eri1
+/– 

Trp53
+/+ 

littermate controls.*P % 0.05, unpaired Student’s t test. 
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or both alleles of Trp53 from Eri1
–/– 

mice. Taken together these data show that 

decreasing the p53 gene dosage by at least 50% was insufficient to rescue any of the 

viability, growth, or hematopoietic phenotypes in Eri1
–/– 

mice. 

 Further work is required to evaluate if p53 stabilization mediates any of the 

defects in Eri1
–/– 

mice. Because p53 gene dosage may be important, Eri1-deficient 

phenotypes should be evaluated in Trp53
–/–

 mice. Although, of note, removing one allele 

of Trp53 is sufficient to partially rescue macrocytic anemia in Rps19 and Cd74-Nid67 

mutants, which are a model of the 5q- syndrome.
211

 In contrast, axial patterning defects 

observed in Rpl38 mutant mice cannot be rescued by removing one allele of Trp53.
100

 

Thus, the loss of only a subset of ribosomal proteins leads to p53-dependent stress 

responses. To complement these rescue experiments, the activation of p53 and its targets 

should be directly evaluated in Eri1
–/– 

NK cells and erythroid precursors.  

We next compared the transcriptional and translational profiles of wildtype and 

Eri1-deficient NK cells to gain further insight into the molecular mechanisms 

underpinning reduced NK cell numbers in Eri1
–/–

 in mice. ICR/B6 NK cells expanded for 

seven days in IL-15 were used in these experiments to ensure adequate RNA for both 

types of profiling experiments. Microarray gene expression profiling revealed only 76 

genes differentially expressed in wildtype versus Eri1
–/–

 NK cells (Fig. 2A; Raw P Value 

< 0.01). Twenty genes were up-regulated, all less then two-fold, and 56 genes were 

down-regulated, all less than 2.6-fold (Table 1). We examined the functions of the up-

regulated transcripts using gene ontology (GO) analysis and observed that this subset was 

enriched for genes that localize to chromosomes and are implicated in chromosomal 

segregation (P < 0.05). These genes include CenpE and CenpF, which both associate with  
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Figure 2. Transcriptional analysis and polysome profiling in ICR/B6 wildtype and 

Eri1
–/–

 NK cells   
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NK cells were grown in media containing 50 ng/ml IL-15 and were harvested for analysis 

on day seven. Ten percent of cells were used for microarray analysis of gene expression 

(A) while the remainder were lysed for polysome profiling analysis (B-D). Three to four 

sets of matched littermate WT or Eri1
–/–

 NK cells, each from one to two animals, were 

used for gene expression and polysome profile analysis. (A) Gene expression differences 

in WT and Eri1
–/–

 NK cells plotted against the average log2 intensity of individual genes 

among all samples. (B) Overlay of polysome profiles from WT and Eri1
–/–

 NK cells 

analyzed on sucrose gradients. RNA associated with indicated polysome fractions was 

isolated for further gene expression analysis by microarray (C). (D) Comparison of gene 

expression differences in total RNA and polysome-associated RNA from WT and Eri1
–/–

 

NK cells. Genes that show significant differential expression (DE; raw P % 0.01) in total 

RNA or polysome-associated RNA samples are indicated. 

 

 

 

 

 

 

 

 

 

 

 



! 167!

the centromere kinetochore complex and are present in the G2 and M phases of the cell 

cycle, although absent in G1 and early S-phase. Another elevated gene is Mki67, which is 

absent in resting (G0) cells and localizes to chromosomes during mitosis. Its detection 

with monoclonal antibodies is a marker of actively proliferating cells. GO analysis of 

down-regulated genes revealed no particular functional enrichment. However, probes for 

three unannotated genes, J00623, BC071254, and NAP112463-1, mapped to predicted 

47S ribosomal precursor RNAs at the second spacer region and two different 5’ external 

spacer regions, respectively. Taken together, these data suggest that a higher proportion 

of Eri1
–/–

 NK cells may be cycling and may show some subtle defects in ribosomal RNA 

precursor processing. 

Given the relatively slight transcriptional differences between wildtype and Eri1
–

/–
 NK cells, we next sought to determine if Eri1-deficient cells showed any defects in 

mRNA translation. To this end we performed sucrose gradient fractionation experiments 

to assess the global translation activity of NK cells in the absence of Eri1. The polysome 

profiles of day seven expanded NK cells had abundant free ribosomal subunits and fewer 

polysome-bound fractions (Fig. 2B). This finding was consistent with a relatively 

attenuated global translation profile seen previously in resting, primed lymphocytes that 

had been previously activated.
271

 We did not detect large differences in the relative ratios 

of large and small ribosome subunits nor in the polysome profiles of WT and Eri1
–/–

 NK 

cells, suggesting that protein synthesis was not generally impaired in the absence of Eri1. 

To determine if Eri1 deficiency leads to a qualitative difference in mRNA translation, we 

isolated mRNAs from polysome fractions and analyzed them using expression 

microarrays. This analysis revealed 120 significantly differentially expressed genes, of 
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which 29 were relatively reduced and 91 were relatively increased in polysome-

associated fractions in the absence of Eri1 (Fig. 2C and Table 2). GO analysis of down-

regulated mRNAs failed to reveal any enriched genes with known overlapping functions. 

However, it was observed that several replication-dependent histone mRNAs were non-

significantly reduced in polysome fractions from Eri1
–/–

 NK cells. GO analysis of up-

regulated mRNAs revealed an enrichment of many functional gene sets, including those 

that localize to the nucleus and intracellular organelles and are implicated in protein 

transport across membranes as well as those that participate in gene transcription, nucleic 

acid binding, and chromosome organization (P < 0.05). Among the transcripts that were 

relatively increased in Eri1
–/–

 polysome fractions were Zcchc11, a terminal uridylyl 

transferase that oligouridylates miRNAs and histone mRNAs, as well as a number of 

genes encoding signaling molecules, including protein kinase R, calcineurin, and STAT4. 

Interestingly, the signal intensity of three Ms4a4b probes was also increased in Eri1
–/–

 

polysome fractions. Ms4a4B is a member of the membrane-spanning 4-domain family 

that includes CD20 and Fc(R1#. Ms4a4B is highly expressed in NK cells and some 

subsets of T cells.
272,273

 While little is known about Ms4a4B function it has been 

suggested to augment IL-2 production in T regulatory cells and inhibit T cell 

proliferation.
274,275

  

Interestingly, the differentially expressed genes in wildtype and Eri1
–/–

 NK cells 

were significantly different in only the total RNA or polysome-associated fractions but 

not both (Fig. 2D). This suggests that either (1) the differences detected in total transcript 

abundance were too subtle to give rise to differential mRNA translation rates or (2) these 

transcripts are simply not translated and thus are not associated with polysomes, which is 
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unlikely since that at least several of these genes showed similar signal intensity on both 

the total RNA and polysome arrays (data not shown). The transcripts that were found to 

be differentially associated with polysomes must be subject to either differential 

translation initiation and/or elongation in the absence of Eri1. Alternatively, the 

differences detected by microarray analysis may be too subtle to give rise to functionally 

different translation rates. Further work is required to confirm if the differences in 

polysome-associated mRNAs actually reflect different rates of translation and protein 

abundance.  

Given the reduction in several histone mRNAs observed in polysome fractions 

from Eri1
–/–

 NK cells and Eri1’s putative role in histone mRNA turnover, we next sought 

to determine if histone mRNAs as a class were differentially expressed or translated in 

the absence of Eri1. Histone mRNAs can be functionally divided into two classes: 

replication-dependent histone mRNAs and variant histone mRNAs. Replication-

dependent histone mRNAs are non-polyadenylated and have a stem-loop structure in 

their 3’UTR that is required for both translation initiation and degradation at the end of S-

phase. In contrast, the replacement variant histone mRNAs are polyadenylated, lack a 

3’UTR stemloop and are not regulated in a cell-cycle dependent manner. Eri1 has been 

implicated as part of the degradation complex that destabilizes replication-dependent 

histone mRNAs at the end of S-phase (see Chapter 2). Thus, there may be increased 

stabilization or altered translation of replication-dependent histone mRNAs in the 

absence of Eri1. To test this hypothesis, we first examined the expression of replication- 

dependent and –independent histone mRNAs in wildtype and Eri1
–/–

 NK cells using  
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Figure 3. Histone mRNA profiles in total and polysome-associated RNA fractions 

from wildtype and Eri1
–/– 

NK cells. (A) Histone mRNA expression differences in WT 

and Eri1
–/–

 NK cells plotted against average log2 gene intensity. Median values for 

replication-dependent histone mRNAs (solid red line) and variant histone mRNAs (solid 

black line) are shown. (B) Comparison of histone mRNA expression differences in total 

versus polysome-associated RNA from WT and Eri1
–/–

 NK cells. No histone mRNAs 

showed significantly differential expression in WT and Eri1
–/–

 NK cells (raw P + 0.01).  
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microarrays. Of note, while many array hybridization protocols use oligo(dT) primers for 

reverse transcription, which only transcribe polyadenylated RNAs, our protocol used 

random hexamer primers that can transcribe non-polyadenylated RNAs such as 

replication-dependent histone transcripts. Expression analysis revealed no statistically 

significant differences in replication-dependent or variant histone mRNA expression 

between wildtype and Eri1
–/–

 total RNA samples (Fig. 3A). In addition, there were no 

consistent alterations in replication-dependent or variant histone mRNAs as both showed 

approximately two thirds of mRNAs down-regulated and one third of mRNAs up-

regulated in the absence of Eri1. Among polysome fractions, equal numbers of 

replication-dependent and variant histone mRNAs were insignificantly up- or down-

regulated in the absence of Eri1 (Fig. 3B). Variability in replication-dependent histone 

mRNA expression likely stems from the use of asynchronous NK cell cultures. Thus 

mRNA levels could reflect cycling differences or differences in mRNA stability and 

translation initiation. Due to this limitation, histone mRNAs should be evaluated in 

synchronized populations to determine if Eri1 can alter histone mRNA abundance in NK 

cells. 

Recent evidence suggests that specific Homeobox (Hox) transcription factors are 

differentially translated in the absence of the ribosomal protein RPL38.
100

 Due to this 

translation defect, Rpl38 mutant mice show multiple homeotic transformations along the 

axial skeleton, including the presence of an extra thoracic vertebra, which is also 

observed in Eri1
–/–

 mice. To determine if Eri1
–/–

 NK cells show differential expression or 

translation of Hox genes, we used microarrays to examine their expression in total RNA 

and polysome-associated RNA fractions. Although most Hox genes are not expressed at 
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appreciable levels in lymphocytes, some Hox genes such as Hoxa3 and Hoxa13 are 

present at a moderate abundance in mature NK cells. None of these genes showed 

significantly differential expression in total RNA fractions (Fig. 4A) or polysome RNA 

fractions (Fig. 4B-C). However, there was a non-significant increase in the expression of 

Hoxa3, Tlx2 and HoxC10, which has been implicated in homeotic transformations in 

lumbar and thoracic vertebrae.
276

 Although differential translation of Hox genes is 

unlikely to account for reduced NK cell numbers in Eri1
–/–

 mice, we cannot exclude the 

possibility that Eri1 may regulate Hox gene expression during embryonic development.  

Expression profiling of total RNA and polysome-associated RNAs revealed few 

differentially expressed and translated genes in Eri1
–/–

 NK cells. Yet we cannot exclude 

that Eri1 may regulate transcript abundance and/or translation in developing or activated 

NK cells, which are more transcriptionally and translationally active than those at rest. 

Future work is required to fully evaluate ribosome function in Eri1-deficient 

lymphocytes. Sequence analysis of the few genes differentially expressed in polysome-

associated RNA fractions may reveal common motifs in mRNA UTRs that correlate with 

mRNA enrichment or depletion from polysomes. Some examples of these motifs include 

terminal oligopyrimidine tracts in the 5’UTR and histone mRNA-like stemloops or 

miRNA binding sites in the 3’ UTR. In addition, comparing mRNA measurements in 

light versus heavy polysome fractions will allow us to determine the approximate number 

of ribosomes recruited to individual transcripts, which in turn allows the inference of 

mRNA translation rate.
277,278

 The similarity of polysome profiles from WT and Eri1
–/–

 

NK cells suggests that Eri1 does not alter global translation rates in resting NK cells. 

However, work in mouse models of ribosomopathy suggest that rapid proliferation may 
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Figure 4. Hox mRNA profiles in total and polysome-associated RNA fractions from 

wildtype and Eri1
–/– 

NK cells. Hox mRNA expression differences in WT and Eri1
–/–

 NK 

cell total RNA (A) and polysome-associated RNA fractions (B) plotted against average 

log2 gene intensity. (C) Comparison of Hox mRNA expression differences in total versus 

polysome-associated RNA from WT and Eri1
–/–

 NK cells. No Hox mRNAs showed 

significantly differential expression in WT and Eri1
–/–

 NK cells (raw P + 0.01).  
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unmask defects in ribosome biogenesis not apparent when cells are proliferating slowly. 

For example conditional heterozygous deletion of Rps6 using CD4-Cre leads to no 

defects in slowly proliferating thymocytes, yet activated heterozygous CD4
+
 T cells were 

unable to proliferate.
279

 Thus, further work is required to see if proliferating NK cells 

show altered ribosome function in the absence of Eri1. This can be evaluated by looking 

at polysome profiles in sucrose gradients, by measuring [S
35

] incorporation, or by using 

cap-dependent and –independent translation reporter mice.
280

  

 

Methods 

Mice. C57BL/6 (JAX) (B6) and ICR mice (Taconic) were purchased. Trp53 mice were a 

gift from L. Liu. Eri1
–/–

Trp53
+/–

 mice were generated by standard techniques. All 

experiments were conducted in accordance with the University of California San 

Francisco Institutional Animal Care and Use Committee guidelines.  

Antibodies, flow cytometry and red blood cell counts. Fc receptors were blocked with 

anti-CD16 + CD32 mAb (2.4G2) before surface antigen staining. The NK1.1 and TCR-# 

antibody were acquired from eBioscience and BioLegend, respectively. All cells were 

analyzed on an LSRII flow cytometer (BD) with FlowJo software (Tree Star). Blood was 

collected in EDTA-coated tubes for red blood cell counts analyzed with a Hemavet 

system counter (CDC Technologies).  

NK cell culture. Splenic NK cells were enriched by negative depletion with IgG mAbs 

against CD4, CD5, CD8, CD19, Gr-1, and Ter119 (UCSF Antibody Core) and then 

positively selected for CD49b
 
expression (Dynal, Invitrogen). Cells were then grown for 

seven days in RPMI-1640 medium supplemented with 10% FBS (v/v), L-glutamine, beta 
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mercaptoethanol, penicillin, streptomycin, and recombinant mouse IL-15 (50 ng/ml; 

R&D Systems). 

Polysome fractionation and RNA isolation. For each total RNA and polysome RNA 

sample, NK cells from one or two ICR/B6 wildtype or Eri1
–/–

 littermates were isolated 

and grown in IL-15 (see above). At one week, 100 "g/ml cyclohexamide was added to 

cultures containing 1-5 x 10
6
 NK cells and incubated at 37ºC for 15 minutes. Cells were 

collected, washed once in PBS, and 10% of cells were removed for TRIzol (Invitrogen) 

RNA extraction and gene expression analysis. The remaining cells were washed with 

PBS and resuspended in 300 "l of lysis buffer (20 mM Hepes, 100 mM KCl, 5 mM 

MgCl2, 2 mM DTT, 0.5% NP40, 1 mM PMSF, 100 "g/ml cyclohexamide, 1x protease 

inhibitor cocktail (Roche) and 0.5 units/ml SUPERase-In (Ambion)). Cells were 

incubated on ice for 30 minutes and vortexed every 10 minutes. Samples were then spun 

down at 10,000 x G for five minutes and supernatants were loaded onto 15-45% sucrose 

gradients containing 20 mM Hepes, 100 mM KCl, 5 mM MgCl2, 0.5 mM DTT and 10 

units/ml RNaseOUT (Invitrogen). Gradients were centrifuged at 33,500 RPM for 70 

minutes at 4ºC (SW-41 rotor). The gradient was then fractionated on a gradient station 

(BioComp Instruments) connected to a UV monitor detecting absorbance at 254 nm (Bio-

Rad Laboratories) to allow detection of 40S, 60S, and 80S subunits as well as polysomes. 

RNA was isolated from sucrose-containing fractions by TRIzol extraction. 

Microarray procedures and analysis. Total RNA or RNA isolated from polysome 

fractions was prepared, labeled, hybridized, and quantile normalized according to 

standard protocols of the UCSF Sandler Center Functional Genomics Core Facility 

(http://www.arrays.ucsf.edu) and Agilent (http://www.agilent.com), as previously 
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described.
281

 For gene ontology analysis, differentially expressed genes were loaded into 

GOstat (gostat.wehi.edu.au). Significantly over-represented GO terms were obtained by 

employing a p value cutoff < 0.05, correcting for multiple testing with the Benjamini 

false discovery rate, and using all the Agilent 4x44k probes as a reference set.
282

 

Replication dependent and variant histone mRNAs were selected from the microarray 

probe set as described previously.
283

 The canonical ANTP class Hox genes were 

compiled from the Homeobox Database (http://homeodb.zoo.ox.ac.uk).
284
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Table 1. Differential gene expression in wildtype and Eri1
–/– 

NK cells (raw P < 0.01). 

*Indicates probe for non-coding RNA sequence. 

 

 

Agilent Gene 

Probe ID 
Gene 

Eri1
–/–

 vs. WT 

Difference 

(log2) 

Wildtype 

Average 

(log2) 

Eri1
–/–

Average 

(log2) 

A_52_P764477 EG668139* 0.7129 7.3699 8.0828 

A_51_P265008 Ppig 0.6667 10.4624 11.1291 

A_51_P246119 Cenpf 0.6638 10.2264 10.8902 

A_51_P164014 Cenpe 0.5584 8.1317 8.6901 

A_52_P666442 EG668139* 0.5414 7.6555 8.1969 

A_51_P253808 Mki67 0.5081 9.7064 10.2145 

A_51_P442964 Casc5 0.5020 8.1518 8.6537 

A_52_P708792 EG433637* 0.4971 6.5863 7.0834 

A_51_P118664 

4833408C14Rik 

(Atrx) 0.4416 7.1658 7.6074 

A_52_P536796 Ptgds2 0.4348 5.7991 6.2340 

A_51_P173071 Phf3 0.4065 9.3294 9.7359 

A_51_P515997 Zfml 0.3972 6.9923 7.3895 

A_51_P413366 Atrx 0.3658 6.7585 7.1243 

A_51_P471715 Olfr678 0.3566 5.2564 5.6129 

A_51_P325152 6720458F09Rik 0.3555 7.3030 7.6585 

A_51_P371536 6030468B19Rik 0.3544 5.8310 6.1854 

A_51_P253803 Mki67* 0.3369 8.4365 8.7734 

A_52_P533287 Prm1 0.2918 5.7164 6.0082 

A_51_P332140 Clcn2* 0.2848 5.3564 5.6412 

A_51_P506204 Cdh11 0.2133 5.2652 5.4785 

A_52_P113585 AK084575 -0.2117 5.4777 5.2659 

A_51_P431121 AK052831 -0.2173 5.2098 4.9926 

A_52_P762590 5830420C07Rik* -0.2212 5.5262 5.3050 

A_52_P572830 TC1775696 -0.2268 5.7188 5.4921 

A_52_P1132346 AK081474 -0.2379 5.2825 5.0445 

A_52_P375435 4932425I24Rik -0.2383 5.6911 5.4527 

A_52_P55846 Cav2 -0.2476 5.5107 5.2631 

A_52_P161637 LOC620760* -0.2488 5.3550 5.1062 

A_52_P504624 Utrn* -0.2631 5.6856 5.4224 

A_52_P755486 AK051072 -0.2705 6.2404 5.9699 

A_52_P435670 Npepl1 -0.2723 10.3497 10.0774 

A_52_P202044 9330162012Rik* -0.2749 5.7518 5.4769 

A_51_P227918 Taf6l* -0.2775 5.4206 5.1431 

A_52_P715388 AK083690 -0.2812 5.7605 5.4792 

A_51_P321972 Gfra2 -0.2890 6.2704 5.9814 

A_52_P517209 EG210583* -0.2894 6.0182 5.7288 

A_52_P545336 Itga4* -0.2985 5.6209 5.3225 
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A_52_P479899 Trim41* -0.3016 6.0155 5.7139 

A_52_P360453 3110052M02Rik* -0.3139 6.5492 6.2353 

A_52_P35477 AK036217 -0.3222 5.5085 5.1863 

A_51_P485537 

Olfr291 (Olfr290|  

Olfr291) -0.3316 5.6738 5.3422 

A_51_P123262 6330527O06Rik -0.3337 5.3773 5.0435 

A_52_P606889 Exoc1* -0.3396 5.7694 5.4298 

A_52_P1129952 NAP069146-1 -0.3403 6.3926 6.0523 

A_52_P291987 BC049702 -0.3423 5.9107 5.5683 

A_52_P649249 Xrcc6bp1 -0.3433 7.8816 7.5383 

A_51_P396432 AF216290 -0.3464 6.2079 5.8615 

A_52_P336133 Zfp62 -0.3542 6.6070 6.2528 

A_52_P316712 Ttc19* -0.3673 6.0023 5.6351 

A_52_P472523 Sacs -0.3767 5.9102 5.5335 

A_52_P7154 Wdr5 -0.3778 10.1905 9.8127 

A_52_P360552 Rhbdd1 -0.4010 8.2318 7.8308 

A_51_P141850 Hs1bp3* -0.4018 7.5713 7.1694 

A_51_P451632 5031410I06Rik -0.4051 6.6297 6.2247 

A_52_P275152 Cdc16 -0.4104 7.4239 7.0136 

A_52_P392555 Cdcp1 -0.4115 6.0610 5.6495 

A_52_P463271 Gmds -0.4268 7.3094 6.8825 

A_51_P220414 Zfp235 -0.4313 6.8251 6.3937 

A_52_P664404 Zfp286 -0.4315 6.0169 5.5854 

A_52_P276877 AK049961 -0.4387 6.7988 6.3601 

A_51_P360518 Olfr1009 -0.4630 6.0098 5.5469 

A_52_P184042 Adamts2 -0.4637 6.5021 6.0384 

A_52_P550218 Trmt12 -0.4680 6.8457 6.3778 

A_51_P109692 Olfr33 -0.4689 5.9128 5.4439 

A_51_P246181 AK044844 -0.4762 6.8053 6.3291 

A_51_P418374 Gpr87 -0.4889 6.2400 5.7511 

A_52_P279527 Gria4 -0.4949 5.8850 5.3902 

A_51_P274189 BC106180 -0.5213 6.8699 6.3486 

A_52_P1172313 AK042199 -0.5421 6.8417 6.2996 

A_52_P317730 TC1698031 -0.5782 7.2415 6.6633 

A_52_P316474 St3gal4 -0.5875 8.4932 7.9057 

A_52_P147521 Flnb -0.5926 7.2712 6.6786 

A_52_P1133481 

LOC675467 

(EG432825) -0.6397 7.3020 6.6623 

A_52_P7301 

Olfr247 (Olfr247|  

Olfr819) -0.6793 7.0332 6.3539 

A_52_P532456 Plagl1 -0.8330 6.9169 6.0839 

A_52_P936271 J00623 -1.3556 10.1725 8.8169 
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Table 2. Differential gene expression in polysome-associated RNA from wildtype 

and Eri1
–/– 

NK cells (raw P < 0.01). *Indicates probe for non-coding RNA sequence. 

 

 

Agilent Gene 

Probe ID 
Gene 

Eri1
–/–

 vs WT 

Difference 

(log2) 

Wildtype 

Average 

(log2) 

Eri1
–/–

Average 

(log2) 

A_51_P136294 Ms4a4b 0.8593 12.7980 13.6573 

A_52_P559919 Eif2ak2 0.8109 7.2216 8.0325 

A_51_P213532 Ppp3ca 0.7922 8.6667 9.4589 

A_51_P136288 Ms4a4b 0.7545 13.4733 14.2279 

A_51_P136289 Ms4a4b 0.6872 12.5976 13.2848 

A_51_P160625 Wapal 0.6775 8.8867 9.5642 

A_51_P498322 Rasa1 0.6680 8.2437 8.9117 

A_51_P238533 Col4a3bp* 0.6420 8.2980 8.9400 

A_52_P213181 Cul4b* 0.6342 7.5536 8.1879 

A_52_P205813 Galnt7 0.6238 6.8578 7.4816 

A_52_P491861 Stag1 0.6153 8.0320 8.6474 

A_52_P225700 Foxp1 0.6089 6.9407 7.5496 

A_52_P142170 Larp1* 0.5917 8.4822 9.0739 

A_52_P444849 Yme1l1 0.5852 7.4151 8.0004 

A_51_P387235 Pbef1 (Nampt) 0.5754 10.2477 10.8231 

A_52_P10090 St8sia4 0.5718 6.5829 7.1547 

A_52_P194680 (Zranb1) 0.5504 6.6297 7.1801 

A_51_P141136 Tnrc6a 0.5495 7.9040 8.4534 

A_51_P342786 Mlh3 0.5441 6.3177 6.8618 

A_51_P173735 Dock11 0.5439 7.0689 7.6128 

A_52_P291715 Zcchc11 0.5383 7.1195 7.6578 

A_52_P420308 Tnpo1 0.5380 6.9160 7.4541 

A_51_P412270 Rapgef6 0.5357 8.2601 8.7958 

A_52_P535790 Fip1l1 0.5341 6.2079 6.7420 

A_52_P580853 DV055049 0.5339 8.8417 9.3756 

A_52_P533350 Cebpz 0.5187 7.0185 7.5372 

A_52_P419873 Rb1 0.5151 7.4643 7.9794 

A_52_P245365 Rtf1 0.5141 8.3205 8.8346 

A_51_P236267 St8sia4 0.5062 7.9001 8.4063 

A_52_P219661 Exoc6 0.5036 7.2522 7.7558 

A_52_P415299 Top2a 0.4989 9.3418 9.8407 

A_52_P521658 Myo9a* 0.4975 5.7961 6.2936 

A_51_P504991 

Slfn10 (Slfn8|  

Slfn10|  Slfn9) 0.4968 7.6322 8.1290 

A_52_P329250 Chd1 0.4935 6.6146 7.1082 

A_52_P348986 Atp2b1 0.4877 6.2775 6.7652 

A_52_P592101 D6Wsu116e 0.4788 6.9175 7.3962 

A_51_P413461 Parg 0.4758 8.0596 8.5354 
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A_52_P383506 Wrn 0.4747 7.6467 8.1214 

A_51_P407209 Rapgef6 0.4717 8.7856 9.2573 

A_51_P503877 Bptf 0.4712 8.4582 8.9294 

A_52_P247513 Hook3 0.4672 7.1598 7.6270 

A_52_P665326 Thrap1 (Med13) 0.4608 6.6960 7.1568 

A_51_P290685 Saps3 0.4512 10.3087 10.7600 

A_51_P438479 Zfp281 0.4511 6.1268 6.5779 

A_51_P230934 Cab39 0.4508 9.7276 10.1784 

A_52_P126146 Riok1 0.4507 7.6848 8.1355 

A_51_P359259 Spag9 0.4500 7.6955 8.1456 

A_52_P499934 Ipo11* 0.4470 8.1750 8.6220 

A_52_P440962 Cdc73* 0.4449 7.8381 8.2830 

A_52_P671329 

C920006C10Rik 

(Efr3a) 0.4447 9.7532 10.1979 

A_52_P556281 G3bp2* 0.4388 8.0588 8.4976 

A_52_P450045 Rnf12 0.4373 7.9004 8.3378 

A_52_P996341 Mastl* 0.4327 5.7581 6.1909 

A_52_P266365 Memo1 (Rbm27) 0.4279 5.9920 6.4199 

A_52_P100028 Rbpj 0.4233 6.6263 7.0497 

A_52_P157402 Ppm2c 0.4209 6.2252 6.6461 

A_52_P625780 Itch 0.4129 8.6081 9.0210 

A_52_P120719 Rab27b 0.4085 6.6798 7.0883 

A_52_P243090 Zc3h11a 0.4062 7.8125 8.2187 

A_51_P142904 Paics 0.4054 11.5491 11.9545 

A_52_P31593 Prkce 0.4043 5.6202 6.0245 

A_52_P390127 Klrc2 (Klrc1) 0.4025 8.2610 8.6636 

A_52_P332125 Pak2 0.3957 10.3403 10.7360 

A_52_P556390 A230067G21Rik 0.3957 7.1315 7.5272 

A_52_P573290 A930001N09Rik 0.3912 5.7738 6.1650 

A_51_P500869 

ENSMUST00000032

357 0.3873 6.7916 7.1789 

A_51_P240384 Trps1 0.3855 6.9632 7.3487 

A_52_P652999 Sorbs1 0.3849 5.9623 6.3472 

A_52_P333487 CK129927 0.3842 5.6035 5.9878 

A_52_P467511 Sp8 0.3739 5.4401 5.8139 

A_52_P623738 Otud7b 0.3723 7.7756 8.1479 

A_51_P379373 Lactb2* 0.3653 7.9767 8.3421 

A_52_P411003 Dlg7 (Dlgap5) 0.3640 8.5690 8.9330 

A_52_P566487 Zfp26* 0.3571 7.0279 7.3850 

A_51_P312149 Zfr 0.3551 6.3839 6.7390 

A_51_P317225 Cmtm2a 0.3495 9.9736 10.3231 

A_52_P537320 Wdr76* 0.3433 5.8535 6.1968 

A_52_P544760 Cbx5 0.3399 11.8841 12.2239 

A_51_P189269 Mbnl2* 0.3334 6.4689 6.8022 

A_52_P571805 4833408D11Rik* 0.3171 5.9154 6.2326 
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A_51_P177092 Stat4 0.3171 8.9747 9.2918 

A_52_P289785 Exoc2 0.3115 9.3131 9.6246 

A_51_P232439 BC018507 0.3085 8.0928 8.4013 

A_52_P348012 B230220B15Rik* 0.3074 5.3538 5.6612 

A_52_P671529 

B930008K04Rik 

(Zmat1) 0.3069 5.6549 5.9618 

A_52_P167535 BC060267* 0.2971 5.3754 5.6725 

A_51_P339962 Cwf19l2 0.2898 5.4746 5.7644 

A_52_P218955 D3Ertd751e 0.2894 5.6651 5.9545 

A_51_P225506 Pnrc2 0.2595 8.9902 9.2497 

A_52_P1115737 AK036595 0.2489 5.3866 5.6355 

A_52_P335636 Ncoa2 0.2416 6.0491 6.2907 

A_51_P470414 Aldh7a1* -0.2123 5.3674 5.5797 

A_51_P474551 Cyp19a1 -0.2245 5.3026 5.5271 

A_51_P501236 4930503H13Rik* -0.2503 6.3938 6.6441 

A_51_P226655 Pltp -0.2745 8.6698 8.9443 

A_51_P433843 

3110004L20Rik 

(Slc22a23) -0.2860 6.1842 6.4702 

A_51_P320125 Wasf3 -0.3071 6.5844 6.8915 

A_52_P368310 E130310K16Rik* -0.3136 6.8790 7.1926 

A_52_P601221 4930455J16Rik* -0.3150 7.7947 8.1098 

A_51_P315904 Gadd45g -0.3187 8.7108 9.0295 

A_51_P187814 4933436I01Rik -0.3241 5.9422 6.2663 

A_52_P217211 Sertad1 -0.3285 10.2211 10.5496 

A_52_P151467 BC033915 -0.3295 6.7551 7.0847 

A_51_P254608 Pknox2* -0.3323 5.7062 6.0385 

A_52_P103513 Rpl13* -0.3606 7.9897 8.3504 

A_51_P359122 2210411K11Rik -0.3646 6.7990 7.1636 

A_52_P572456 Isg20l2 -0.3712 5.7730 6.1442 

A_52_P660861 Napb* -0.3843 6.1712 6.5555 

A_52_P214516 A_52_P214516 -0.3853 10.7674 11.1527 

A_52_P587606 2310022A10Rik -0.3984 8.3569 8.7554 

A_52_P601215 4930455J16Rik* -0.4010 5.6854 6.0864 

A_52_P313035 Eif2c1 -0.4078 11.1626 11.5704 

A_51_P321698 Pxmp4 -0.4113 5.5304 5.9417 

A_52_P508506 A930025D01Rik -0.4168 5.3982 5.8151 

A_51_P151179 1700041C02Rik* -0.4652 6.2684 6.7336 

A_51_P500044 Vldlr* -0.4929 6.2228 6.7157 

A_52_P35915 B230312A22Rik -0.5633 9.3322 9.8955 

A_52_P673689 Mrvi1 -0.5746 6.4995 7.0741 

A_52_P677167 Lrriq2* -0.6223 6.6744 7.2967 

A_51_P344942 6820408C15Rik -0.7091 5.8302 6.5392 
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PART 2: Interrogating Eri1’s Interaction with the MicroRNA Biogenesis 

Machinery and Influence on miRNA Abundance 

 

Investigating Eri1’s protein binding partners by immunoprecipitation 

 Just as Eri1 has been recruited into multiple RNA processing pathways over the 

course of evolution, so too has it been recruited into multiple ribonucleoprotein 

complexes that enable these processing functions. In C. elegans, ERI-1 comprises a 

complex with Dicer whose other members include RRF-3, ERI-3, and ERI-5.
72

 This 

complex is required for the biogenesis of specific endogenous siRNAs, and worms 

harboring mutations in any member of this complex fail to accumulate specific siRNA 

classes.
72,79,285

 In human cells, Eri1 has been shown to co-immunoprecipitate (co-IP) with 

all four core ribosomal RNAs (the 28S, 18S, 5.8S, and 5S) and numerous ribosomal 

proteins.
49

 Many of these interactions are likely indirect given the size of mature 

ribosomal units and the observation that under more stringent co-IP conditions Eri1 

associates with just the 5.8S rRNA but not other rRNAs. Although Eri1’s precise role in 

histone mRNA turnover is controversial, it has been shown to co-IP with the stemloop in 

the 3’ UTR of histone mRNAs. In doing so, Eri1 forms a complex with other proteins, 

including stem-loop binding protein (SLBP), the RNA helicase Upf1, and members of the 

Lsm1-7 complex (Chapter 2).   

 Eri1 can negatively regulate miRNA abundance in lymphocytes (Chapter 3); 

however, it is unclear if this activity requires direct interaction with mature miRNAs or 

miRNA precursors and/or if Eri1 comprises a larger protein complex that carries out this 

function. Alternatively, Eri1 may alter miRNA abundance by recruiting components of 

the miRNA biogenesis machinery into other RNA processing pathways, as has been 
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posited for C. elegans ERI-1.
72

 Sucrose gradient fractionation of cytoplasmic human cell 

lysates reveals that not all of Eri1 is complexed with ribosomal subunits (W. Pastor, 

personal communication). Thus, some fraction of cytoplasmic Eri1 may be bound up in 

other ribonucleoprotein complexes.  

To test if Eri1 associates with any proteins that modulate miRNA biogenesis, we 

immunoprecipitated Eri1 from mouse wildtype ICR/B6 T helper (Th) cell lysates and 

looked for bound proteins by immunoblot. Eri1 does not co-IP with Dicer, suggesting 

that mouse Eri1 has evolved divergent functions from C. elegans ERI-1 (Fig. 1A). This 

finding is consistent with the observation that only the C. elegans ERI-1b isoform, which 

has an extended C-terminus, can form a complex with Dicer, while the ERI-1a isoform, 

which is the only one known to be expressed in mice and other metazoans, cannot 

(Chapter 2).
72

 Interestingly, mouse Eri1 was able to co-IP with a small fraction of 

Argonaute2 (Ago2) (Fig. 1B). This association was not detected in a control IP 

performed in Eri1
–/– 

Th cell lysates, suggesting that this interaction is likely not reflective 

of off-target effects of the IP antibody. Given the relatively weak binding of Eri1 to 

Ago2, this interaction is likely to be indirect. Likely candidates that may mediate an 

interaction between Ago2 and Eri1 are Mov10 and proteins of the large 60S ribosomal 

subunit. Eri1 was previously shown to co-IP with Mov10 and numerous 60S-associated 

proteins,
49

 and the RNA-induced silencing complex (RISC), which includes Ago2, has 

similarly been shown to associate with Mov10 and multiple 60S ribosomal proteins.
286

 

Eri1 was not found to co-IP with other another member of the RISC, TRBP, which is a 

double-stranded RNA binding protein (Fig. 1B). Nor did Eri1 co-IP with Drosha, an 

RNase III enzyme that makes up part of the pri-miRNA Microprocessor complex in the 
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Figure 1. Eri1 does not associate strongly with components of the miRNA biogenesis 

machinery. Immunoprecipitation of Eri1 was performed with an anti-Eri1 monoclonal 

antibody on whole cell lysates from ICR/B6 wildtype and Eri1
–/–

 CD4
+
 T cells expanded 

in vitro for one week with anti-CD3 and anti-CD28 antibodies. (A-B) Indicated proteins 

were detected in input and immunoprecipitated fractions by immunoblot. 
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nucleus with DGCR8. Because DGCR8 binds to Drosha and this binding is essential for 

maintaining Drosha stability,
219

 we speculate that Eri1 does not pull-down significant 

amounts of DGCR8. Alternatively Eri1 may be able to bind DGRC8 molecules that are 

not complexed with Drosha, but this would likely lead to sequestration of DGCR8 and 

thus reduced Drosha stability in the presence of Eri1, which we do not observe (Fig. 1B). 

Taken together these data suggest that Eri1 is unlikely to interact directly with Dicer, 

TRBP, or Drosha, yet it may be able to indirectly associate with Ago2. Further work is 

required to determine if Eri1’s interaction with Ago2 is mediated through the 60S 

ribosomal subunit and if Eri1’s interaction with Ago2 can alter Ago2 activity in the 

RISC. Of note, we observed that Eri1 co-IPed with Ago2 using a commercially available 

antibody to pull-down Ago2 (Cell Signaling, clone C34C6; data not shown). However, 

this antibody recognized multiple proteins other than Ago2 (unpublished observations) 

and at the time of these experiments a conditional Eif2c2
–/– 

mouse was not available to 

verify IP antibody specificity. Ago2 pull-down experiments should be repeated with 

different antibody clones to look for association with Eri1 and any interaction should be 

verified with control IPs from Ago2-deficient cells.  

 

Effect of Eif2c2 gene dosage on phenotypes and miRNA abundance in Eri1
–/–

 mice 

Eri1 can influence the processing and stability of diverse RNAs in mammalian 

cells, including the 5.8S rRNA, miRNAs, and possibly histone mRNAs (Chapter 2). 

Because these activities likely occur in parallel, it is challenging to map defects in 

specific RNA processing pathways onto specific phenotypes in Eri1
–/– 

mice. To 

determine if any growth or hematopoietic phenotypes observed in Eri1
–/– 

mice can be 
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attributed to increased miRNA abundance, we attempted to rescue miRNA levels by 

removing one allele of Ago2. Evidence from both human cells and model organisms 

suggests that Ago2 may be limiting for global miRNA expression levels in several 

different cell types.
223-225

 Thus, removing one allele of Eif2c2, the gene that encodes 

Ago2, may be sufficient to reduce miRNA levels in Eri1
–/– 

cells back towards wildtype 

levels, thereby ameliorating any phenotypes associated with aberrant miRNA 

homeostasis.  

To this end, we bred ICR/B6 Eri1
+/–

 Eif2c2
+/+

 mice to ICR/B6 Eri1
+/–

 Eif2c2
+/– 

mice and analyzed the resulting adult (>8 weeks) F1 mice. Eif2c2
+/– 

mice were generated 

by crossing Eif2c2
+/fl 

mice to lines that express Actin-Cre, which leads to a germline 

deletion of one Eif2c2 allele. As described in Part 1 of this Appendix, perinatal lethality 

among B6 Eri1
–/– 

mice can be fully or partially rescued by crossing animals to outbred 

strains like ICR. Although ICR/B6 Eri1
–/–

 Eif2c2
+/+

 mice were not born at Mendelian 

ratios, there was some partial rescue of the > 90% perinatal lethality seen in purebred B6 

Eri1
–/– 

mice (Fig. 2A). The degree of genotype rescue was unchanged by removing one 

allele of Eif2c2. Eri1
–/– 

Eif2c2
+/–

 mice similarly had no change in body weight compared 

to ICR/B6 Eri1
–/– 

mice (Fig. 2B); however, it is important to note that the cohort of mice 

used in this analysis showed no difference in body weight between Eri1
–/– 

and Eri1
+/+ 

sex-matched littermates, a difference that has been observed previously
49

 (part 1 of 

Appendix). This was true even when males and females were analyzed separately (data 

not shown). These discrepant findings may reflect differences in the outbred ICR mouse 

cohorts and/or insufficient numbers of mice used in this analysis (three to four per 

genotype). Taken together, these data suggest that removing one allele of Eif2c2 is  
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Figure 2. Reducing Eif2c2 gene dosage does not rescue viability, growth, or 

hematopoietic phenotypes associated with the loss of Eri1 
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(A) Genotype frequency of adult (> 8 weeks old) ICR/B6 mice produced from the cross 

of ICR/B6 Eri1
+/–

 mice to B6 Eif2c2
+/– 

mice. Genotypes of approximately 65 mice from 

nine different litters are represented. P values from Chi-squared tests comparing observed 

and expected Mendelian genotype frequencies are indicated. (B-D) Body weight (B), 

splenic NK cell frequency (C), and red blood cell counts (D) in ICR/B6 mice with 

indicated genotypes. Eighteen mice from five different litters are represented in this 

analysis, which includes four Eri1
+/+ 

or Eri1
+/– 

Eif2c2
+/– 

mice, seven Eri1
+/+ 

or Eri1
+/– 

Eif2c2
+/+ 

mice, three Eri1
–/– 

Eif2c2
+/–

 mice, and four Eri1
–/– 

Eif2c2
+/+

 mice. Splenic NK 

cells were identified by flow cytometric analysis of NK1.1
+
 TCR#

–
 populations. Red 

blood cell analysis parameters include red blood cell count (RBC; millions/"l), 

hemoglobin (Hb; g/dL), hematocrit (Hct; percentage), mean corpuscular volume (MCV; 

fL), mean corpuscular hemoglobin concentration (MCHC; g/dL), mean corpuscular 

hemoglobin (MCH; pg) and red cell distribution width (RDW, percentage). All values are 

shown relative to Eri1
+/+ 

or Eri1
+/– 

Eif2c2
+/+ 

littermate controls, and body weight 

measurements are also sex-matched.*P % 0.05, unpaired Student’s t test. 
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insufficient to rescue perinatal lethality in Eri1
–/– 

mice. Larger cohorts of mice will have 

to be analyzed to determine whether Eif2c2 gene dosage has any effect on the reduced 

body weight normally seen in Eri1
–/–

 mice. 

We next sought to determine if NK cell and erythrocyte defects observed in Eri1
–

/–
 mice could be rescued in Eri1

–/–
 Eif2c2

+/– 
mice. As expected, ICR/B6 Eri1

–/–
 Eif2c2

+/+ 

mice showed ~50% reduction in the frequency of splenic NK cells as compared to Eri1
+/–

  

and Eri1
+/+

Eif2c2
+/+ 

mice (Fig. 2C). Surprisingly, Eri1
+/–

 and Eri1
+/+

Eif2c2
+/– 

mice had a 

significant increase in the frequency of splenic NK cells compared to Eri1
+/–

 and 

Eri1
+/+

Eif2c2
+/+ 

mice. Despite this increase, Eri1
–/–

 Eif2c2
+/– 

mice still displayed no 

increase in NK cell frequency; nor did these mice show a rescue of reduced red blood cell 

numbers or increased mean corpuscular volume observed in Eri1
–/– 

mice (Fig. 2D). Note 

that some of the RBC measurements, such as mean corpuscular hemoglobin and 

hemoglobin content, that were significantly different between Eri1
–/–

 and Eri1
+/+

 or 

Eri1
+/–

 in the setting of wildtype Argonaute2 expression were not different in the 

wildtype cohort in Part 1 of this Appendix. This likely reflects cohort differences and 

phenotype variability related to the use of ICR outbred mice. Also note that there were no 

statistically significant differences in RBC measurements between Eri1
+/–

 or 

Eri1
+/+

Eif2c2
+/– 

mice and Eri1
+/–

 or Eri1
+/+

Eif2c2
+/+ 

mice. This observation is important 

because mice harboring homozygous mutations in Eif2c2 or the Ago2 catalytic domain 

have been reported to have severe anemia, which is due in part to a failure in processing 

miR-451, a miRNA important for erythropoiesis.
225,287,288

 

Because Ago2 has been shown to be limiting for global miRNA expression in 

some cell types, we measured miRNAs from wildtype and Eri1
–/– 

NK cells that were 
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wildtype or heterozygous for Ago2 expression. As we have reported previously,
80

 Eri1-

deficient NK cells showed an approximate two-fold increase in miRNA abundance (Fig. 

3). In contrast, Eri1
+/+

 or Eri1
+/– 

Eif2c2
+/– 

NK cells showed no difference in miRNA  

expression compared to Eri1
+/+

 or Eri1
+/– 

Eif2c2
+/+ 

NK cells, suggesting that either 

Argonaute2 is not limiting for miRNA expression in NK cells or that miRNA expression 

is highly variable in Eif2c2
+/– 

NK cells. The later is likely true given the large error bars 

observed for miRNA measurements from these cells. Note that we did not measure 

Argonaute2 protein level in Eif2c2
+/– 

NK cells, which may be variable and thus could 

account for the observed noise in miRNA measurements. One way to circumvent this 

variability would be to conditionally delete both Eri1 and Eif2c2 using Vav-Cre on the 

purebred B6 background. This approach will additionally allow for the analysis of Ago2-

deficient immune cells, which may show more reproducible reductions in NK cell 

miRNA abundance. This type of analysis is not possible using Eif2c2
–/– 

mice since the 

homozygous mutation is lethal at approximately embryonic day 9.5.
289

 

In summary, these preliminary results suggest that removing one allele of Eif2c2 

was insufficient to rescue any growth, viability, or hematopoietic defects observed in 

Eri1
–/– 

mice. Because we were unable to correlate rescued miRNA levels with a failure to 

rescue Eri1-dependent phenotypes, we are unable at this time to conclude if any of these 

phenotypes are caused by alterations in miRNA abundance. Further experiments to 

rescue miRNA levels in Eri1
–/– 

NK cells by conditional homozygous deletion of Eif2c2 

are currently underway.  
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Figure 3. Reducing Eif2c2 gene dosage does not rescue increased miRNA abundance 

in Eri1
–/– 

NK Cells. qRT-PCR analysis of miRNA expression in ICR/B6 NK (NK1.1
+
 

CD3(
–
) cells purified by flow cytometry. (A) miRNA levels in Eri1

–/–
 Eif2c2

+/+
, Eri1

–/–
 

Eif2c2
+/–

, and Eri1
+/–

 or Eri1
+/+

 Eif2c2
+/–

 NK cells shown relative to wildtype Eri1
+/+

 or 

Eri1
+/–

 Eif2c2
+/+

 NK cells (dashed line). (B) Sum of measurements from ten miRNAs 

indicated in (A). Data were normalized to U6 snRNA, U7 snRNA, and sno202. Averaged 

values from all three normalization measurements are indicated. Graphs indicate mean ± 

SEM (N = three to six ICR/B6 mice per genotype). 
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Methods 

NK cell culture. see Part 1 of Appendix. 

Mice. C57BL/6 (JAX) (B6) and ICR mice (Taconic) were purchased and ICR/B6 Eri1
+/–

 

mice were generated by standard techniques. Actin-cre mice were generously provided by 

M. McManus. Eif2c2
fl/fl

 mice have been described previously.
225

 All experiments were 

conducted in accordance with the University of California San Francisco Institutional 

Animal Care and Use Committee guidelines.  

Immunoprecipitation. CD4
+
 T cells from ICR/B6 wildtype and Eri1

–/– 
littermates were 

isolated with CD4 Dynabeads (Invitrogen) and stimulated in vitro with anti-CD3 and 

anti-CD28 antibodies as described in Chapter 3. At day six, cells were collected, washed 

once with PBS, and spun at 19,000 x g for ten seconds. Cells were then brought up in 

NP40 Lysis buffer (20mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% NP40, 2mM EDTA, 

0.5 mM DTT) containing protease inhibitors (20 mM NaF, 8 mM # glycerolphosphate, 1 

mM PMSF, 10 "g/ml leupeptin, and 1 "g/ml aprotinin). Cells were incubated on ice for 

15 minutes, vortexing every five minutes. Lysate was then spun at 19,000 x g for ten 

minutes and supernatant was aspirated. Two mg of protein lysate from each sample were 

incubated overnight at 4ºC with a rat anti-Eri1 monoclonal antibody (5G8-111 hybridoma 

clone; generously provided by V. Heissmeyer). Lysate was pre-cleared with Protein G 

Dynabeads (Invitrogen) and then incubated with for 2.5 hours at 4ºC with Protein G 

Dynabeads coated with anti-rat IgG1 (Clone TIB170, generously provided by V. 

Heissmeyer). After binding beads, samples were washed three times with RIPA buffer 

(50 mM Tris HCl pH8, 150 mM NaCl, 0.1% SDS, 0.5% deoxycholate, 1% NP40, 1 mM 

EDTA) and protease inhibitors (see above). Proteins were removed from Protein G 
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Dynabeads by boiling in SDS buffer for ten minutes, and the entire contents of each 

sample were analyzed by Western blot.  

Western blot. Western blots were performed as described
49

 using polyclonal antibodies 

against Eri1 (A28), anti-Dicer (I101, generously provided by C. Kanellopoulou), anti-

RPL5 (74244, Abcam), anti-Ago2 (C34C6, Cell Signaling), anti-Drosha (12286, Abcam), 

and anti-TRBP (72110, Abcam).  

Red blood cell counts. Blood was collected in EDTA-coated tubes for red blood cell 

counts analyzed with a Hemavet system counter (CDC Technologies).  

Quantitative real time PCR. miRNA measurements were carried out as described in 

Chapter 3, where PCR primers are also listed.   
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