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Modification of microRNA sequences by the 39 addition of nucleotides to generate so-called ‘‘isomiRs’’ adds to the

complexity of miRNA function, with recent reports showing that 39 modifications can influence miRNA stability and

efficiency of target repression. Here, we show that the 39 modification of miRNAs is a physiological and common post-

transcriptional event that shows selectivity for specific miRNAs and is observed across species ranging from C. elegans to

human. The modifications result predominantly from adenylation and uridylation and are seen across tissue types, disease

states, and developmental stages. To quantitatively profile 39 nucleotide additions, we developed and validated a novel

assay based on NanoString Technologies’ nCounter platform. For certain miRNAs, the frequency of modification was

altered by processes such as cell differentiation, indicating that 39 modification is a biologically regulated process. To

investigate the mechanism of 39 nucleotide additions, we used RNA interference to screen a panel of eight candidate

miRNA nucleotidyl transferases for 39miRNAmodification activity in human cells. Multiple enzymes, including MTPAP,

PAPD4, PAPD5, ZCCHC6, ZCCHC11, and TUT1, were found to govern 39 nucleotide addition to miRNAs in a miRNA-

specific manner. Three of these enzymes–MTPAP, ZCCHC6, and TUT1–have not previously been known to modify

miRNAs. Collectively, our results indicate that 39modification observed in next-generation small RNA sequencing data is

a biologically relevant process, and identify enzymatic mechanisms that may lead to new approaches for modulating

miRNA activity in vivo.

[Supplemental material is available for this article.]

MicroRNAs (miRNAs) are small noncoding RNAs that play a regu-

latory role in gene function by binding to the 39 untranslated re-

gion (UTR) of targetmRNAs. Although the biogenesis and turnover

of miRNAs has been the subject of much recent study (Chatterjee

and Großhans 2009; Krol et al. 2010), mechanisms of post-tran-

scriptional regulation of mature miRNAs are still not well un-

derstood. A few recent reports have suggested that post-tran-

scriptional addition of nucleotides to the 39 end of miRNAs is a

mechanism for regulation of miRNA activity. Studies in plants and

C. elegans have identified examples in which such modifica-

tions influence miRNA stability (Ramachandran and Chen 2008;

Chatterjee andGroßhans 2009; Lu et al. 2009; Ibrahim et al. 2010).

In humans, effects on miRNA stability and on mRNA target

repression have both been observed, dependent on the specific

miRNA examined. For example, miR-122 was shown to be aden-

ylated by the RNA nucleotidyl transferase PAPD4 (also known as

GLD-2) in humans and mice, resulting in an increase in the sta-

bility of the miRNA (Katoh et al. 2009). In contrast, miR-26a was

shown to be uridylated by the RNA nucleotidyl transferase

ZCCHC11, which had no effect on miRNA stability, but rather re-

duced the ability of miR-26a to inhibit its mRNA target ( Jones et al.

2009). Taken together, these studies indicate that understanding the

prevalence and mechanisms of miRNA 39 nucleotide additions will

be important for understanding the post-transcriptional regulation

ofmiRNA function, and could also inform strategies for therapeutic

modulation of miRNA activity.

We and others have observed additions of nucleotides to

the 39 end of miRNAs on a global scale in animal miRNA high-

throughput sequencing studies (Berezikov et al. 2006a,b; Cummins

et al. 2006; Ruby et al. 2006; Landgraf et al. 2007; Bar et al. 2008;

Wyman et al. 2009). For example, in our own high-throughput

sequencing of small RNAs from human embryonic stem cells

(hESC) and ovarian cancers (Bar et al. 2008; Wyman et al. 2009),

we noticed substantial sequence variation at the 39 end of the

known miRNAs, frequently manifesting as nucleotide additions

not matching the human genome sequence (i.e., 39 nontemplated

additions [39 NTA]). However, it was not clear to what extent
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these were artifacts of cDNA library preparation as opposed to

physiologic nucleotide additions. More recently, such miRNA

variants resulting from 39 NTA (so-called ‘‘isomiRs’’) have been

described in more detail in small RNA next-generation sequenc-

ing studies in humans, mice, and flies (Ruby et al. 2007; Wu et al.

2007; Kuchenbauer et al. 2008; Morin et al. 2008; Ahn et al. 2010;

Burroughs et al. 2010; Chiang et al. 2010; Fehniger et al. 2010;

Fernandez-Valverde et al. 2010;GuoandLu2010; Lee et al. 2010;Martı́

et al. 2010; Pantano et al. 2010; Berezikov et al. 2011). In one recent

study (Burroughs et al. 2010) the enzyme PAPD4 was implicated as

a miRNA nucleotidyl transferase, based on the finding that PAPD4

knockdown led to a decrease in the abundance of multiple miRNA

variants bearing a nontemplated 39 adenosine. However, not all

miRNA variants were affected, and the extent of reduction was

highly variable across miRNAs, suggesting that other enzymes may

also be responsible formiRNA additions. Thus, themechanisms of

39 nucleotide additions on a global scale are still notwell understood,

even though the biological impact of such post-transcriptional

modifications may be substantial.

In the present study, we systematically tested the extent to

which miRNA 39 NTA observed in sequencing data sets are physi-

ologic additions versus artifacts of cDNA library preparation, and

analyzed the additions on a global scale using multiple second-

generation sequencing (i.e., 454 Life Sciences [Roche] and Illumina)

data sets in human (Bar et al. 2008; Linsen et al. 2009; Pomerantz

et al. 2009; Wyman et al. 2009), mouse (Baek et al. 2008), and C.

elegans (Batista et al. 2008). To further investigate the 39 end addi-

tions using an orthogonal platform ideally suited for quantitative

analysis and high-throughput processing of samples, we adapted

the nCounter Gene Expression Assay from NanoString Technolo-

gies (Geiss et al. 2008) to discriminate between and provide quan-

titative expression profiles of miRNA 39 variants. The nCounter as-

say involves the hybridization of fluorescently labeled, bar-coded

probes to the miRNAs of interest, which are then scanned and

counted to quantify miRNA expression. We used the nCounter as-

say to profile 39 end nucleotide additions during cell differentiation,

which revealed that specific miRNAs undergo a change in 39 NTA

with differentiation, suggesting that 39NTA is a physiologically reg-

ulated process. We also conducted a systematic siRNA-based knock-

down screen of RNA nucleotidyl transferases, using the nCounter

assay as a readout, which identified multiple enzymes responsible

for miRNA 39 additions in human cells. Our results demonstrate the

prevalence and mechanism of miRNA additions in humans, and

introduce a new platform capable of quantitatively profilingmiRNA

39 NTA variants across a variety of biological samples.

Results

MicroRNA 39 nontemplated nucleotide additions

observed in next-generation sequencing data

are a physiologic phenomenon

We sought to determine the extent to which nontemplated 39

addition of nucleotides to miRNAs observed in next-generation

small RNA sequencing data sets is a physiologic, in vivo phe-

nomenon, as opposed to an artifact introduced during cDNA li-

brary preparation. We analyzed data from small RNA cDNA li-

braries prepared side-by-side and in triplicate from normal human

prostate tissue RNA (Pomerantz et al. 2009) and from a pool of 473

chemically synthesized human miRNAs (Linsen et al. 2009) in

order to compare 39 NTA frequency between the physiologically

derived versus chemically synthesized miRNAs (Fig. 1A). Each of

the libraries also had 40 nonhuman chemically synthesized

miRNAs spiked in (listed in the Supplemental Methods), with the

expectation that if miRNA nucleotide addition were an artifact of

cDNA library preparation, the spiked-in synthetic miRNAs would

undergo additions in both sets of libraries. Sequencing on the

Illumina Genome Analyzer platform produced 4,946,602 high-

quality reads from the triplicate synthetic miRNA library and

9,417,361 high-quality reads from the triplicate prostate library,

which were then analyzed for 39NTA using custom bioinformatics

tools (details provided in the Supplemental Methods).

We compared the synthetic miRNA sequencing data to the

prostate-tissue sequencing data, analyzing a set of 167 miRNAs

thatwere shared between the twodata sets and that passed filtering

based on read abundance and inter-replicate variance criteria for

these miRNAs (see Supplemental Methods for additional detail).

For this set of 167 miRNAs, we calculated total matching reads

(TMR) and percent nontemplated nucleotide additions (%NTA)

for each miRNA in both data sets. TMR is the sum of: (1) all reads

that exactly match the canonical miRNA sequence from miRBase

(Griffiths-Jones 2004; Griffiths-Jones et al. 2006, 2008), plus (2)

any matching reads that have nucleotide additions, regardless of

whether those additions are templated (i.e., match the human

genome sequence andmiRNAprecursor sequence) ornontemplated

(i.e., do not match the human genome sequence and miRNA pre-

cursor sequence). %NTA is the fraction of TMR that has 39 nucleo-

tide additions that do not match the precursor sequence of the

miRNA (hence, counting only nontemplated 39 additions). We

consider only nontemplated additions here because our interest

is in unambiguous identification of post-transcriptional modifi-

cations to mature miRNAs.

Figure 1B depicts the %NTA for the 167 shared, abundant

miRNAs sorted by increasing %NTA in the prostate sequencing

data set. We observed a dramatic difference in the %NTA between

the prostate tissue versus the chemically synthesized miRNA data

sets, with the synthetic miRNAs only rarely demonstrating nu-

cleotide additions, while over half of the prostate miRNAs exam-

ined had some extent of 39NTA. Notably, none of the 40 spiked-in

synthetic nonhuman miRNAs showed any evidence of 39 addi-

tions in either the prostate or chemically synthesized miRNA data

sets (Fig. 1B). These data demonstrate that miRNA 39 nontem-

plated nucleotide additions are predominantly a physiologic, in

vivo process. In addition, we found no evidence of a relationship

between miRNA abundance and the frequency of nontemplated

nucleotide addition (Supplemental Fig. S1), also consistent with

additions being a physiologic process rather than an artifact of li-

brary preparation.

Survey of miRNA 39 NTA in multiple next-generation

sequencing data sets representing diverse tissue types

and species

To more broadly characterize miRNA 39 NTA, we obtained and

analyzed small RNA-sequencing data sets representing a diverse set

of tissues, disease states, and developmental stages (Supplemen-

tal Table S1). These included cultures of normal human ovarian

surface epithelial (HOSE) cells and tissue from three histologi-

cal subtypes of ovarian cancer (Wyman et al. 2009); two prostate

primary cell culture samples, one epithelial and one stromal; and

undifferentiated and differentiated human embryonic stem cells

(Bar et al. 2008). To assess the nature of miRNA 39 NTA across di-

verse species, we also examined miRNA 39 NTA in publicly avail-

able Illumina sequencing data sets from M. musculus (Baek et al.
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2008) and C. elegans (Batista et al. 2008). For mouse, this consisted

of 11 mouse cerebellum and medulloblastoma sequencing data

sets representing diverse developmental stages, cell populations,

and genotypes. For C. elegans, we examined 12 small RNA-se-

quencing data sets representing different developmental stages

and genotypes. A complete list of all sequencing data sets and the

data set identifiers used in this manuscript is given in Supple-

mental Table S1. Results of these analyses are presented below.

Nucleotide addition is miRNA specific

Analysis of miRNA-sequencing data sets demonstrated that al-

though 39 NTA occurs commonly, it is not universal and shows

a strong predilection for specific miRNAs over others. In Figure 2A,

histograms for three individual human data sets show that certain

miRNAs have a very high frequency of additions (%NTA), while the

majority of miRNAs are modified at a low frequency, if at all (his-

tograms for six additional human data sets are shown in Supple-

mental Fig. S2A). A similar distribution of frequencies was observed

when we analyzed 11 mouse cerebellum and medulloblastoma se-

quencing data sets representing several developmental stages and

genotypes. The histogram for one of the 11 data sets analyzed is

shown in Figure 2B and histograms for the other 10 are shown in

Supplemental Fig. S2B. We also examined 12 C. elegans small RNA-

sequencing data sets representing different developmental stages

and genotypes. In C. elegans, the overall

frequency of 39 NTA observed was less

than in human and mouse, but showed

a similar distribution across sequencing

data sets from seven developmental stages

and multiple genotypes in which certain

miRNAs show a high frequency of modi-

fication, whereas the majority of miRNAs

are infrequently or nevermodified. A repre-

sentative histogram of miRNA %NTA for

the L1 stage of C. elegans larval develop-

ment is shown in Figure 2C, with histo-

grams for all 12 data sets shown in Sup-

plemental Fig. S2C.

To determinewhether there are some

miRNAs that consistently show a high

degree of 39 NTA or consistently show an

absence of it, we compared the %NTA of

miRNAs across nine human sequencing

data sets from different cell lines, tissues,

and disease states (Supplemental Table S1,

data sets h1–h9). A set of 73 miRNAs was

detected with 40 or more reads in at least

five of the nine data sets. Among the set of

73, we observed that certain miRNAs are

consistently frequently modified across

diverse tissue and cell types, while others

are consistently rarelymodified. A boxplot

of %NTA for the 10 most and 10 least

modified of these 73 miRNAs is shown in

Figure 3A. The 10 miRNAs that are most

often highly modified in our human-se-

quencing data sets aremiR-100,miR-146a,

miR-151-3p, miR-143, miR-331-3p, miR-

23b, miR-24, miR-222, miR-199a-3p, miR-

1308. Supplemental Table S2 gives the

total matching reads (TMR) and%NTA for

all miRNAs in each of these nine data sets.

Inmouse, there was a set of 81miRNAs detected at 40 ormore

reads in at least five of the 11 sequencing data sets. The %NTA

boxplot for the 10 most and 10 least modified of these 81 miRNAs

is shown in Figure 3B. As observed in the human data sets, specific

murinemiRNAswere consistently highlymodified across different

biological samples. These miRNAs were only infrequently the

mouse homologs of themost frequentlymodifiedhumanmiRNAs,

although this could be related to the expression of different sets of

miRNAs between the mouse and human data sets analyzed. The

TMR and%NTA for all miRNAs in each of the 11mouse data sets is

given in Supplemental Table S3. In C. elegans, we again saw that

particular miRNAs were consistently among the most frequently

modified miRNAs across developmental stages, as shown by the

boxplot in Figure 3C. Supplemental Table S4 gives the TMR and

%NTA for all miRNAs in each of the 12 C. elegans data sets.

39 NTA is predominantly the result of adenylation

and uridylation in human, mouse, and C. elegans

We next assessed specifically which nucleotides were added to

generate 39 NTA miRNA variants. The fractional contribution of

each type of addition (A, U, G, C, and >1 nt) was calculated for each

miRNA, and then averaged over all of the miRNAs detected at an

abundance of at least 10 reads in each data set. Figure 4 shows the

Figure 1. %NTA observed in Illumina Genome Analyzer sequencing of a pool of chemically syn-
thesizedmiRNAs or of prostate-tissue-derived miRNAs. (A) The schematic describes the workflow for the
generation and sequencing of triplicate cDNA libraries corresponding to a pool of chemically synthe-
sized miRNAs and normal human prostate tissue. (B, left) The %NTA for 167 shared miRNAs present at
10 or more reads in both the chemically synthesized miRNA and prostate sequencing data sets are
plotted along the y-axis. Normal prostate tissue data are plotted as (s) and the synthetic miRNA data as
(3). MicroRNAs are sorted along the x-axis with respect to increasing %NTA observed in prostate-tissue
sequencing data. Only seven of the 167 miRNAs analyzed demonstrated greater %NTA in the synthetic
miRNA pool compared with its prostate tissue %NTA. In most cases, these represented an additional
nucleotide identical to the terminal nucleotide expected for the canonical miRNA sequence (data not
shown), which is consistent with a typical type of error expected with solid-phase RNA oligonucleotide
synthesis. (Right) The %NTA for 40 nonhuman (a mix of plant and C. elegans) spiked-in miRNAs is
plotted for both normal prostate tissue and the synthetic miRNA sequencing data sets.

Wyman et al.

1452 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


distribution of nucleotide additions across the nine human se-

quencing data sets. We found that mono-adenylation (blue) or

mono-uridylation (red)were by far themost common type of 39NTA.

To illustrate the distribution of additions on a per-miRNA basis, the

complete list of nucleotide additions for abundant miRNAs (defined

as 20 ormore reads) in the normal prostate tissue sequencing data set

is given in Supplemental Table S5. Throughout the nine human data

sets examined, the distribution of added nucleotides was remarkably

uniform, with mono-adenylation typically accounting for ;50% of

39 NTA and mono-uridylation for ;25% of 39 NTA. Chiang et al.

(2010) reported finding uridine to be the most commonly added

nucleotide calculated by summing all of the reads with added nu-

cleotides for each of the four individual nucleotides for all of the

miRNAs, and then calculated the percent from the sum. When the

fractions of addednucleotides for theChiang et al. (2010)manuscript

are recalculated using our method described above, we found that

adenosine is the most frequently added nucleotide for the mouse

brain sequencing data sets of Chiang et al. (2010).

In mouse, we observed a similar distribution of predominant

mono-adenylation and mono-uridylation (Supplemental Fig.

S3A). In four of the mouse cerebellum sequencing data sets, how-

ever, an increased prevalence of mono-guanylation was observed

(Supplemental Fig. S3A; data sets m3–m6 in Supplemental Table

S1). These data sets were from specific mouse embryonic develop-

mental stages (whichwere not represented in the human data sets)

and were largely accounted for by three miRNAs (mmu-miR-16,

mmu-miR-103, and mmu-miR-181a), which, although they were

observed to be guanylated, had a low overall %NTA. Nonetheless,

the results raise the possibility that al-

though adenylation and uridylation are

the most common modes of 39 NTA in

specific contexts and for specificmiRNAs,

additional types of 39 NTA may be acti-

vated, perhaps with different biological

consequences.

In small RNA-sequencing data sets

corresponding to diverse developmental

stages of C. elegans, we again observed

mono-adenylation and mono-uridylation

to be the most common forms of 39 NTA

(Supplemental Fig. S3B). Interestingly,

however, the predominant form of modi-

fication in C. eleganswas mono-uridylation

(;40%), followed by mono-adenylation

(;25%), compared with primarily mono-

adenylation (;40%–50%) and, secondly,

mono-uridylation (;25%) in human and

mouse (Fig. 4; Supplemental Fig. S3A,B).

This suggests that although we found

miRNA 39 nucleotide addition to be an

evolutionarily conserved phenomenon,

the degree to which specific mechanisms

such as adenylation and uridylation are

used for generating 39miRNA variants may

differ depending upon the species.

Development of a quantitative

platform to profile relative abundance

of miRNA variants resulting from 39

nucleotide additions

In order to profile 39 nontemplated nu-

cleotide additions to miRNAs in a more quantitative and high-

throughput manner than is currently practical by next-generation

sequencing,we developed a novel version of NanoString’s nCounter

miRNA Expression Assay. NanoString’s hybridization-based tech-

nology uses color-coded, fluorescently labeled probe pairs to bar

code selected targetmolecules, which are then scanned and counted

(Geiss et al. 2008). The complexity of the bar codes, each containing

one of four colors in each of six positions, allows a large diversity of

target molecules present in the same sample to be individually dis-

tinguishedduringdata collection. TheNanoStringmiRNAassayuses

an additional sample processing step to allow the detection of small

RNAs (Fig. 5A). Preparation of the small RNA samples involves the

ligation of a specificDNA tag onto the 39 endof eachmaturemiRNA;

these tags are designed to normalize themelting temperatures of the

targetedmiRNA aswell as to provide a unique identification for each

miRNA species in the sample. Tagging is accomplished in a multi-

plexed ligation reaction using reverse-complement bridge oligonu-

cleotides to direct the ligation of each miRNA to its designated tag.

Following the ligation reaction, excess tags and bridges are removed,

and the resulting material is hybridized with a panel of miRNA:tag-

specific nCounter capture and bar-coded reporter probes (Fig. 5B).

Following purification, each captured bar code is counted and tab-

ulated in the nCounter assay (Geiss et al. 2008).

The standard nCounter miRNA assay detects only those

miRNAs with canonical 39 ends, as the tag ligation is a 39 end-

specific event. We modified the standard assay to be able to mea-

sure two39 variants each (arbitrarily designated variant 1 andvariant

2). To measure the miRNA variants, we created pools of bridges that

Figure 2. 39 Nontemplated nucleotide additions are miRNA specific. (A) Histograms of %NTA ob-
served in three representative human miRNA-sequencing data sets (normal prostate tissue [h9], serous
ovarian cancer [h6], and human embryonic stem cells [h1]). MicroRNAs were required to have 10 or
more reads in a given data set to be included, and the number of miRNAs that qualified is given in
parentheses for each histogram. The y-axis scale is the same for all three human histograms. (B,C)
Histograms of %NTA for representative data sets corresponding to mouse cerebellum or medullo-
blastoma (B) (m5 in Supplemental Table S1) and the L1 developmental stage of C. elegans (C ) (c6 in
Supplemental Table S1). MicroRNAs were required to have 10 or more reads in a given data set to be
included. Data set identifiers are provided in parentheses for all histograms and refer to descriptions of
these data sets provided in Supplemental Table S1.
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direct the tagging of the variant miRNA to the same tag as the

canonical miRNA. Each sample is split in three and assayed sep-

arately with the canonical bridge pool, the variant 1 pool, and the

variant 2 pool. By labeling each 39 variant of a given miRNA

species with the same tag in three parallel assays, we eliminate

any potential tag-to-tag variation and ensure a direct comparison

of the relative levels of each miRNA variant. A titration of six

synthetic miRNA spike-ins is used in each assay as a control for

assay-to-assay variation.

In initial pilot studies, we assayed a set of five syntheticmiRNAs

(miR-15a,miR-15b,miR-125a-5p,miR-143, andmiR-221) and two

variants for each miRNA. We validated the specificity of the

platform by assaying three pools of synthetic RNA oligonucleo-

tides representing canonical, variant 1, and variant 2 versions of

our five pilot miRNAs (Fig. 5C). Each bridge pool (i.e., specific to

canonical, variant 1, or variant 2) was used to assay the three mix-

tures of synthetic miRNA oligonucleotides (Fig. 5C). We found that

each bridge pool distinguished the miRNA species of interest with

high specificity, with minimal background detection of the other

variants.

In order to assess accuracy, we also assayed mixtures of syn-

thetic miRNAs containing 60% canonical miRNA, 30% variant 1,

and 10% variant 2 for the set of five miRNAs. In four of the five

cases, the ratios of canonical to variant miRNAs observed in the

assay matched closely the known composition of the synthetic

mixtures (Fig. 5D). Finally, to determine the linear range of the

platform, we generated six-point standard curves for miR-15a and

its two 39 variants. Each standard curvewas assayed in its respective

bridge pool, with between 1 3 105 and 1 3 108 input copies

of miRNA per reaction (Fig. 5E). We found that all three assays

(canonical, variant 1, and variant 2) yielded a strong linear re-

sponse to increases in concentration across our entire range of

input values. These pilot studies demonstrate that the nCounter

miRNA 39 variant assay provides a quantitative platform for

studying miRNA 39 NTA.

Following ourpilot experiments,we expanded thebridge pools

to assay a set of 132 human miRNAs. The list of 132 miRNAs and

their corresponding variants chosen for assay development is given

in Supplemental Table S6. The miRNAs were chosen on the basis of

showing an appreciable frequency of 39NTA in our next generation

small RNA-sequencing data sets from human samples (h1–h9,

Supplemental Table S1), as well as several miRNAs of special bi-

ological interest because of disease association or tissue specificity.

The specific 39 NTA variants for analysis were chosen largely on the

basis of being the most common variants for specific miRNAs ob-

served in the human small RNA sequencing data sets.

The frequency of 39 NTA to specific miRNAs changes

with differentiation of human embryonic stem cells,

suggesting that post-transcriptional nucleotide addition

is a physiologically regulated process in humans

To investigate whether miRNA 39 additions are a physiologically

regulated process, we determined whether the frequency of

miRNA 39 NTA varies with a change in biological state, using

differentiation of embryonic stem cells as a model system. We

Figure 3. MicroRNA-specific 39 nontemplated nucleotide addition is seen across small RNA sequencing data sets. (A) A boxplot of the miRNAs
demonstrating the lowest%NTA (i.e., least modified) and highest%NTA (i.e., mostmodified) across nine human sequencing data sets (data sets h1–h9 in
Supplemental Table S1). MicroRNAs were required to have at least 40 reads in five or more of the nine data sets. (B,C) Boxplots of the miRNAs dem-
onstrating the lowest %NTA (i.e., least modified) and highest %NTA (i.e., most modified) across 11 mouse cerebellum or medulloblastoma data sets (B)
(data sets m1–m11 in Supplemental Table S1) and 12 C. elegans sequencing data sets (C ) (data sets c1–c12 in Supplemental Table S1). MicroRNAs were
required to have at least 40 reads in five or more of the data sets for mouse and for C. elegans to be included in the analysis.
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used the NanoString nCounter assay to profile 39 NTA in un-

differentiated H1 human embryonic stem cells versus spontane-

ously differentiated cells derived from the same cell line. To en-

sure that we restricted our analysis to miRNAs and miRNA

variants for which robust measurements were available, we fil-

tered the data to consider only the miRNAs for which at least 50

counts were reliably obtained in at least two out of three bridge

pools (i.e., canonical, variant 1, or variant 2) in both of the data

sets (i.e., the undifferentiated and differentiated hESC data sets).

This comprised 10 miRNAs and their corresponding variants

(given in Supplemental Table S7). We found that the fractional

abundance of five miRNA variants changed significantly after

differentiation (P < 0.05 in at least one variant assay for a given

miRNA) (Supplemental Table S7). Depending on the specific

miRNA, cell differentiation could be associated with either an

increase or a decrease in variant abundance. The two most

marked examples were miR-1246 (differentiation was associated

with a significant increase in the fractional abundance of one of

the variants and decrease in that of the canonical sequence) (Fig.

6A) and miR-455-3p (differentiation was associated with a de-

crease in fractional abundance of both the variants and an in-

crease in that of the canonical sequence) (Fig. 6B). These results

suggest that nontemplated nucleotide additions to different

miRNAs could be mediated by unique mechanisms. More im-

portantly, our results demonstrate that miRNA 39 additions in

human cells are dynamic and can vary in response to biological

stimuli, indicating that 39 NTA is a physiologically regulated

process.

Identification of nucleotidyl transferases responsible

for miRNA 39 NTA

Previous studies have suggested that members of the RNA nucle-

otidyl transferase family, including PAPD4, PAPD5, and ZCCHC11,

can mediate miRNA 39 additions in humans (Jones et al. 2009;

Katoh et al. 2009; Burroughs et al. 2010). However, RNA nucleo-

tidyl transferases comprise a much larger family of enzymes, and

the existing data on these three enzymes do not fully account for

thewidespread 39NTA ofmiRNAs observed on a genomic scale.We

hypothesized that additional nucleotidyl transferases are involved

in mediating miRNA 39 nontemplated nucleotide additions, and

that even for PAPD4, PAPD5, and ZCCHC11, additional miRNA

substratesmay exist beyond ones that have been identified to date.

To understand the mechanism of 39 NTA to a range of different

miRNAs, we used RNA interference to individually suppress ex-

pression of eight different nucleotidyl transferases in HCT-116

colon-cancer cells, followed by quantitative analysis of canonical

and variant miRNAs using the nCounter miRNA variant analysis

platform developed above. These eight candidate miRNA 39

modifying enzymes represent all but four of the 12 known RNA

nucleotidyl transferases in humans (Martin and Keller 2007).

These specific enzymes were chosen based on a high likelihood of

having specific effects (e.g., poly(A) polymerase was excluded be-

cause of expected broad effects on polyadenylation), evidence for

robust expression in HCT-116 cells (Supplemental Table S8), and

availability of effective reagents for RNA interference. As a negative

control, we performed RNA interference directed against cyclo-

philin B (a commonly used negative control gene in siRNA ex-

periments), which is not expected to affect miRNA nucleotide

addition.

We confirmed the success of knockdown with quantitative

reverse transcription–PCR (qRT–PCR) (Fig. 7A), which demon-

strated at least 75% reduction in expression of each enzyme com-

pared with cells transfected with negative control siRNA targeting

cyclophilin B (also known as peptidylprolyl isomerase B). We also

used qRT–PCR to assess the specificity of the nucleotidyl transferase

knockdowns bymeasuring all eight nucleotidyl transferases in each

knockdown experiment (Supplemental Fig. S4). Overall, we found

the knockdown of each enzyme to be highly specific (i.e., knock-

down of a given nucleotidyl transferase was not associated with

a concomitant decrease in other nucleotidyl transferases; Supple-

mental Fig. S4). Interestingly, in a few cases knockdown of one en-

zyme was associated with an increase in expression of one or more

other nucleotidyl transferase(s) (e.g., knocking down PAPD4 led to

an increase in PAPD5,while TUT1 andMTPAP knockdown led to an

increase in PAPOLG), raising the possibility that compensation of

function by one enzyme for another may occur in some cases. This

is worth mention because it suggests that our results may un-

derestimate the full effect of knockdown of individual nucleotidyl

transferases on 39 NTA, because of such cases of potential com-

pensatory increase in expression of other enzymes.

We used the NanoString platform to monitor changes in

miRNA 39 NTA fractional abundance as a result of the suppression

of each RNA nucleotidyl transferase. MicroRNAs were filtered by

retaining only those that had a count of at least 50 for the ca-

nonical in all four of the negative control (i.e., siCyclophilin)

knockdown lanes. We calculated the percentage of each variant

miRNA as a fraction of the total abundance of the miRNA (i.e.,

counts obtained for canonical plus variant 1 counts plus variant 2

counts), which ensured that any decrease in a given variant ob-

served with knockdown of specific nucleotidyl transferases would

Figure 4. Distribution of added nucleotides observed in nine human
small RNA sequencing data sets. Distribution was calculated based on
miRNAs with an abundance of at least 10 reads, and the number of
miRNAs which qualified is given in parentheses for each pie chart. Frac-
tional contribution of each nucleotide addition was calculated for each
miRNA, and then averaged for all the miRNAs in each data set. Pie charts
indicate what fraction of total additions each mononucleotide repre-
sented (on average) for each data set, and all multinucleotide additions
were counted in the >1 category. Parenthetical data set identifiers refer to
descriptions provided in Supplemental Table S1.

Post-transcriptional generation of miRNA variants

Genome Research 1455
www.genome.org

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


reflect a change in propensity for nucleotide addition, rather than

being due to an overall decrease in all forms of the miRNA as a re-

sult of decreased transcription, for example. The relative percent-

ages of each canonical and variant species found in the knockdown

cells were then compared with negative control cells treated with

siRNAs targeting cyclophilin B. A t-test conducted across groups

representing biological replicates was performed, followed by an

adjustment for multiple hypothesis testing based on the false dis-

covery rate (FDR) method of Benjamini and Hochberg (Benjamini

and Hochberg 1995; van der Laan et al. 2004) to identify nucle-

otidyl transferase knockdowns associated with a significant re-

duction (FDR < 10%) of specific miRNA 39NTA variants. Themost

compelling cases were considered to be those knockdowns in

which a statistically significant decrease in at least one 39 NTA

variant was observed along with a concomitant statistically sig-

nificant increase in the fractional abundance of the canonical

miRNA sequence.

We found that suppression of seven out of eight nucleotidyl

transferases led to a significant reduction in at least one miRNA 39

variant (FDR < 10%). In addition to PAPD4, PAPD5, and ZCCHC11,

which have previously been described as affecting miRNA addi-

tions ( Jones et al. 2009; Katoh et al. 2009; Burroughs et al. 2010),

we found significant reductions in miRNA variants after suppres-

sion of MTPAP, PAPOLG, TUT1, and ZCCHC11 (Supplemental

Table S9). To highlight nucleotidyl transferases showing the most

substantial effect on 39 NTA of specific miRNAs, we selected cases

inwhich effects of enzyme knockdownon specificmiRNAvariants

were both statistically significant (FDR < 10%) and had at least

a 5% reduction in the fractional abundance of the variant (Fig. 7B).

Loss of PAPD4 resulted in the most dramatic changes in miRNAs

with 39 A additions: six miRNAs with a 39 A addition showed sig-

nificant decreases, with somemiRNAvariants such asmiR-92a and

let-7b showing >70% reduction (Fig. 7B). Suppression of PAPD5 led

to significant reductions in four miRNA 39 variants which all

featured a 39 A, and one miRNA variant, miR-1246, with a di-

nucleotide 39GA (Fig. 7B). The variant miR-1246 with a 39GA also

showed a significant reduction with the MTPAP knockdown.

While both PAPD4 and PAPD5 suppression predominantly af-

fected variants with a 39 A, knockdown of two enzymes (TUT1 and

ZCCHC6) was associated with a decrease in 39 uridylation. Sup-

pression of TUT1 led to a significant reduction in the variant of

miR-200a with a 39U, and loss of ZCCHC6 decreased expression of

let-7e with a 39 U (Fig. 7B), which suggests that different enzymes

may show specificity for certain nucleotide additions. Taken to-

gether, our results suggest multiple enzymes affect the post-tran-

scriptional modification of miRNAs by 39 NTA.

To validate the accuracy of the assays in Figure 7B, we tested

the ability of our adapted nCounter miRNA variant profiling assay

Figure 5. Development of the nCounter miRNA assay to detect miRNA 39 variants. (A) A schematic of the molecular components of the nCounter
miRNA assay. The miRNA is shown in blue and DNA oligonucleotides in black. Each bridge oligonucleotide serves to template the 39 end ligation of
a particular miRNA species to a sequence-specific tag. Custom bridges were designed to discriminate between the 39 end miRNA variants. (B) Following
the removal of the excess tags and bridges, the tagged miRNAs are hybridized to specific capture and reporter probes attached to unique bar codes. The
captured bar codes are individually resolved and counted in the NanoString nCounter assay system. The six-spot fluorescent bar code is represented by
circles and the biotin capture moieties by stars. (C) Validation of the specificity of the nCounter assay. Three pools of synthetic RNA oligonucleotides, each
containing canonical, variant 1, or variant 2 versions of five miRNAs were assayed. The graphs display the counts resulting when each of the threemixtures
was individually assayed using the canonical (left), variant 1 (center), and variant 2 (right) bridge pools. (D) Validation of the accuracy of the nCounter assay.
A mixture containing 60% canonical, 30% variant 1, and 10% variant 2 chemically synthesized miRNAs were assayed in each bridge pool. The relative
abundance of each variant measured in the assay was then determined. (E ) Validation of the linear range of the nCounter assays for miR-15a. Standard
curves of synthetic oligonucleotides corresponding to the canonical, 39 A (variant 1), or 39 U (variant 2) form of miR-15a were assayed in their appropriate
bridge pool. The graph displays the counts resulting from technical duplicates of standard curves ranging from 13 105 to 13 108 input copies of miRNA
per reaction.
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to distinguish between the canonical and variant forms of the

miRNAs from Figure 7B. We profiled pools of chemically synthe-

sized versions of the canonical and variantmiRNAs of interest and,

again, the assay demonstrated excellent discrimination between

miRNA 39 end nucleotide variants (Supplemental Fig. S5). We also

tested the linear range of these miRNA assays by creating pools of

synthetic miRNAs (containing the canonical or variant version of

each miRNA) and generating 6-point standard curves assaying

from 1 3 105 to 1 3 108 input copies of each miRNA or miRNA 39

variant per reaction. We assayed each di-

lution point of the standard curves in the

appropriate bridge pool, and found that all

assays showed a strong, linear response to

changes in concentration (Supplemental

Fig. S6).

Discussion

Our study provides confirmation on a

broad scale that miRNA 39 nontemplated

nucleotide additions that have been ob-

served in small RNA next-generation se-

quencing data are a physiologic and bi-

ologically regulated phenomenon in

human cells, complementing and extend-

ing work presented in other reports

(Kuchenbauer et al. 2008; Morin et al.

2008; Burroughs et al. 2010; Chiang et al.

2010; Fehniger et al. 2010; Fernandez-

Valverde et al. 2010; Lee et al. 2010; Martı́

et al. 2010; Berezikov et al. 2011). We find

that across multiple species, these modifi-

cations are miRNA specific and that aden-

ylation and uridylation are the primary

modes of 39 NTA, which is consistent with

the previously described specificities of

known RNA nucleotidyl transferase en-

zymes in their modification of other RNA

substrates (Martin and Keller 2007). We attempted to identify spe-

cific sequence features in miRNAs that might govern modification.

However, we did not find anymotifs or sequence characteristics that

showed significant associationwithmodifications (data not shown).

It is of interest, however, that the degree towhich adenylation versus

uridylation is used for miRNA modification varies across species,

with uridylation predominating among C. elegansmiRNAs, whereas

adenylation is more prominent in mouse and human. Although

the basis for this difference is not yet known, we speculate that

Figure 6. MicroRNA additions are altered in response to differentiation. The NanoString nCounter
assay was used to profile differential expression of miRNA 39 variants in undifferentiated versus differ-
entiated H1 human embryonic stem cells. MicroRNAs were filtered by requiring at least 50 counts in at
least two of the three assays (canonical, V1, or V2) in both the undifferentiated and differentiated hESC
data sets. The plotted miRNAs are the two showing the greatest change in the fractional abundance of
39 variants following differentiation. Error bars represent 6SD of the fold change across two biological
replicates, and asterisks indicate P-values <0.05. Supplemental Table S7 provides data corresponding to
all 10 miRNAs that met filtering criteria, including three additional miRNAs showing significant changes
in relative variant abundance. (A) The graph shows the fold change in the canonical and 39 variant forms
of miR-1246. For miR-1246, differentiation is associated with a significant increase in the fractional
abundance of the 39 GA variant, and a corresponding decrease in the canonical sequence. (B) For miR-
455-3p, differentiation is associated with a significant decrease in the abundance of the 39 C variant and
a corresponding increase in the canonical miRNA fractional abundance.

Figure 7. MicroRNA 39 nontemplated nucleotide additions are regulated by multiple nucleotidyl transferase enzymes. (A) qRT–PCR demonstrates the
successful suppression of eight different nucleotidyl transferases in HCT-116 cells transfected, with siRNAs individually targeting each enzyme. Bars
represent mean expression 6SD of biological replicates relative to cells transfected with siRNAs against the cyclophilin B negative control. Normalization
was performed using qRT–PCR quantification of the endogenous control gene GUSB to control for variations in RNA input. (B) Bar graphs for each enzyme
show percent reduction inmiRNA 39 variants following suppression of each of the six nucleotidyl transferases indicated above the x-axis. MicroRNAs shown
represent variants that (1) were significantly reduced (FDR < 10%) in the cells treated with siRNAs targeting the enzyme of interest versus those treated
with the negative control, siCyclophilin, and (2) showed at least a 5% absolute decrease in fractional abundance of the variant miRNA. The letter(s) within
each bar for a given miRNA identifies which 39 variant displays significant reduction. Z11 refers to the enzyme ZCCHC11 and Z6 to ZCCHC6. (*) miRNAs
meeting criteria of FDR < 10%; (**) FDR < 5%; (***) FDR < 2%. The false discovery rate (FDR) is determined using the method of Benjamini and Hochberg.
The change in fractional abundance and associated FDR for all canonical and 39 miRNA variants retained after filtering for abundance is given in Sup-
plemental Table S9.
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cross-species differences in expression patterns of nucleotidyl trans-

ferases and their miRNA substrates may underlie this observation.

The development of a novel, bridged ligation-based assay

permitted us to quantitatively profile 39 NTA variants (along with

their corresponding canonical miRNA species) following knock-

down of a panel of candidate miRNA nucleotidyl transferases in

order to investigate the mechanism of 39 NTA. Prior studies had

primarily implicated two nucleotidyl transferases, PAPD4 and

ZCCHC11, and to a lesser extent, PAPD5, in miRNA 39 NTA (Katoh

et al. 2009; Burroughs et al. 2010). Strikingly, we found that

knockdown of seven of the eight RNA nucleotidyl transferases we

examined (including PAPD4, ZCCHC11, and PAPD5)was associated

with a significant reduction in 39 NTA of one or more miRNA vari-

ants. Individual enzymes tended to show specificity for particu-

lar miRNAs, and the involvement of multiple additional enzymes

points toward much more complexity in mechanisms of miRNA 39

NTA than has previously been appreciated. One caveat of our

analysis is that we have examined only the steady-state levels of 39

NTA. Thus, the mechanisms by which each enzyme modulates the

observed miRNA 39 NTA frequency—whether it be via altered ki-

netics of 39 NTA or effects on miRNA degradation—remain to be

determined. Remarkably, MTPAP is known to localize to the mito-

chondria and to polyadenylate the 39 ends of mitochondrial tran-

scripts (Tomecki et al. 2004), and thus it was surprising to find that

suppression of this heretofore mitochondria-specific enzyme af-

fected miRNA additions. TUT1, on the other hand, was found to

regulate both 39 A and 39 U additions, which supports previous re-

ports that describe TUT1 both as a uridyltransferase and as a nuclear

poly(A) polymerase (Trippe et al. 1998; Mellman et al. 2008). Ad-

ditionally, we identified the first known role for ZCCHC6, an en-

zyme with unknown substrates that is homologous to the miRNA-

modifying enzyme ZCCHC11 (Rissland et al. 2007).

Our study identified four newmiRNAnucleotidyl transferases

(MTPAP, TUT1, ZCCHC6, and PAPOLG) that have significant ef-

fects on 39 NTA to specific miRNAs, supporting the notion that 39

NTA represents a multifaceted layer of post-transcriptional regu-

lation for miRNAs by an ensemble of miRNA-modifying enzymes.

Our study likely represents a minimal estimate of the enzymes and

miRNA substrates involved, as there was evidence in several cases

of a compensatory increase in the expression of other nucleotidyl

transferases after knockdown of a given enzyme, which could have

obscured some of the effects on 39 NTA. Additionally, some of the

enzymes that did show an effect may be false negatives as a result

of incomplete suppression of protein levels in siRNA experiments.

Importantly, the finding that 39 NTA is a regulated and miRNA-

specific process mediated by distinct enzymes raises the possibility

that inhibiting particular RNA nucleotidyl transferases could pro-

vide a new strategy for modulating miRNA activity for therapeutic

as well as research purposes. In this vein, the enzymes we have

identified may be worth investigating as targets for small mole-

cules to potentially modify miRNA function via inhibiting (or

potentially enhancing) 39 NTA. Nucleotidyl transferases may also

show differential expression in different disease states. In a brief

survey of Oncomine (Rhodes et al. 2007), for example, we found

ZCCHC6 to be in the top 1% of genes overexpressed in prostate

carcinoma versus normal tissue (Tomlins et al. 2007). Thus, we

speculate that differential expression of nucleotidyl transferases

could impact miRNA 39 NTA in different biological states. In the

future, quantification of 39 NTA variants in samples from varied

biological sources using the NanoString assay developed here and/

or other technologies will facilitate understanding of the potential

biological effects of these enzymes.

Quantification of 39 NTA variants distinct from canonical

miRNAs in biological samples poses a problem for current tech-

nologies. Although next-generation sequencing can certainly

identify 39 variants, it is not currently an assay for which param-

eters such as quantitative precision, quantitative accuracy, linear

range of quantification, or absolute quantification are well es-

tablished. Additionally, the throughput and turnaround time for

analysis of large numbers of biological or clinical samples is still

limited in practice. Although quantitative reverse transcription–

PCR (qRT–PCR) approaches are routinely used for miRNA quanti-

fication, currently available qRT–PCR platforms are not equipped

to measure and discriminate between variants with high accuracy

(Wu et al. 2007; Lee et al. 2010). The NanoString assay we have

introduced here is an important advance for enabling further

studies in this area, as it permits quantitative analysis of miRNAs

and variants on a platform that has sufficient throughput and

precision to be routinely used for analysis of large numbers of bi-

ological samples.

Although 39 NTA can clearly have functional effects on ani-

mal miRNAs by increasing miRNA stability in the case of hsa-miR-

122 (Katoh et al. 2009), or affecting the efficacy of mRNA target

repression in the case of hsa-miR-26a (Jones et al. 2009), in-

vestigation of the biological functions of miRNA 39 NTA is still at

a nascent stage. Future studies will be required to determine

whether 39 NTA affects the expression of miRNA targets or the

stability of miRNAs on a global scale. A recent study has noted an

increase in uridylated miR-223 during miRNA decay (Baccarini

et al. 2011). Although our analysis has evaluated only the steady-

state levels of miRNA additions, we speculate that 39 NTA may

serve as either a signal for or a consequence of targeting of miRNAs

for degradation. The functional effects of 39 NTA on miRNAs may

be varied and miRNA specific, making such modifications a po-

tentially versatile mechanism for generating functional diversity

and complexity in an otherwise relatively limited miRNA tran-

scriptome. Our study has identified a multitude of new miRNA

variants along with the nucleotidyl transferases that may mediate

their genesis. These findings, along with our introduction of

a quantitative platform for miRNA variant analysis, should enable

further studies of the biological roles of miRNA 39 NTA.

Methods

Preparation of samples and library construction

Preparation and sequencing of the cDNA libraries corresponding

to the synthetic miRNA pool and normal prostate tissue small

RNAs in this study have already been described (Linsen et al. 2009;

Pomerantz et al. 2009). Briefly, 473 human and 40 nonhuman

miRNAs (four A. thaliana, 26 C. elegans, and 10 O. sativa) were

synthesized and pooled at equal concentrations of 2.14 nM to

generate a synthetic miRNA library (Linsen et al. 2009). The 40

nonhuman miRNAs at varying concentrations (50 nM–190.7 fM)

were 59 phosphorylated by T4 polynucleotide kinase (Invitrogen)

and spiked with radiolabeled 18–24-nt markers, and gel purified.

The resulting synthetic pools were spiked into normal prostate

RNA derived from two individuals, and the 18–24-nt fraction was

gel purified. Normal prostate RNA was from histologically con-

firmed normal prostate tissue obtained with informed consent

under IRB supervision at the time of radical prostatectomy for

clinically localized prostate cancer. Linker ligation and amplifica-

tion of both the synthetic miRNA pool and prostate RNA samples

were performed as described in Mitchell et al. (2008). Small

RNA cDNA libraries were sequenced on the Genome Analyzer
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(Illumina) according to the manufacturer’s instructions. Small RNA

cDNA libraries for 454 sequencing from cultured prostate epithelial

and stromal cells were generated as described previously (Bar et al.

2008). RNA from prostate epithelial cell and prostate stromal cell

cultures was a generous gift from B. Knudsen. Small RNA cDNA li-

braries were sequenced on the 454 platform according to the

manufacturer’s instructions.

Processing of the sequencing data

Processing of the sequencing data was performed using a set of

custom bioinformatics scripts (detailed in the Supplemental

Methods). Briefly, sequence reads were pruned of any relevant

linker sequences and then compared with canonical miRNA se-

quences from miRBase (Griffiths-Jones 2004; Griffiths-Jones et al.

2006, 2008). Any reads that exactlymatched the canonical miRNA

sequence (with or without additional nucleotides) contributed to

the total matching reads (TMR) count, and any with additional 39

nucleotides that did notmatch the precursor sequence contributed

to the nontemplated addition (NTA) count.

NanoString nCounter miRNA assay

Total RNA or synthetic miRNA pools (IDT; 30 pmol per oligonu-

cleotide) were used as input for nCounter miRNA sample prepa-

ration reactions. All sample preparation was performed according

to the manufacturer’s instructions, with the following exception:

for assays examining end-variant expression, nCounter Human

miRNATag Reagent (which contains amixture of tags and bridges)

(see Fig. 5) was replacedwith a custom reagent containing the same

nCounter Human miRNA tags mixed with a novel pool of bridge

oligos, each designed to template the ligation of a particular 39 end

variant to a specific tag (39 end variants are given in Supplemental

Table S6). Two such pools were generated; only one variant for

each miRNA was present in each pool, and the variants of a given

miRNA species were always ligated to the same tag. Following li-

gation, sample preparation reactions were purified and diluted

according to the manufacturer’s instructions. Hybridization reac-

tions were performed according to the manufacturer’s instructions

with 5 mL of the fivefold diluted sample preparation reaction. All

hybridization reactions were incubated at 65°C for a minimum

of 18 h. Hybridized probes were purified and counted on the

nCounter Prep Station and Digital Analyzer (NanoString) follow-

ing the manufacturer’s instructions. For each assay, a high-density

scan (600 fields of view) was performed.

NanoString nCounter miRNA data analysis

For platformvalidationusing synthetic oligonucleotides,NanoString

nCounter miRNA raw data was normalized for lane-to-lane varia-

tionwith a dilution series of six spike-in positive controls. The sum

of the six positive controls for a given lane was divided by the

average sum across lanes to yield a normalization factor, whichwas

then multiplied by the raw counts in each lane to give normalized

values. The normalized counts for the synthetic oligonucleotide

mixtures (canonical or variant) in each of the three bridge pools

were used to determine the specificity of the assays. To assess ac-

curacy, the relative abundance of the canonical, V1, and V2 counts

for each miRNA in a mixture of five canonical miRNAs and their

39 variants (containing 60% canonical, 30% variant 1, 10% variant

2) was determined. To assess the linear range of the assays, pools of

the canonical, variant 1, or variant 2 RNA oligonucleotides were

generated and diluted to yield three six-point standard curves. We

assayed the ability of the three bridge pools to detectmiRNA inputs

ranging from 105 to 108 copies per reaction.

For the hESC and the nucleotidyl transferase knockdowndata

sets, NanoString nCounter miRNA raw data was normalized for

lane-to-lane variation with a dilution series of six spike-in positive

controls using the vsn R package (Huber et al. 2002). Using vsn,

each lane of nCounter data is calibrated by an affine trans-

formation, and then the data is transformed by a variance-stabi-

lizing transformation. Once normalized, the data were filtered

(described in detail for each data set below), and then relative

abundances of the canonical, V1, and V2 counts for each miRNA

were calculated, representing the fraction of the total abundance

that each of the three sequences contributed. Results from assays

corresponding to four miRNAs were filtered out universally be-

cause of intrinsically high background (miR-16,miR-192, andmiR-

196a), or, in one case, because the assay design precluded dis-

tinguishing between twomiRNA familymembers (miR-20a assay).

For the H1 hESC data, we had two biological replicates each

for canonical, V1, and V2 for the undifferentiated hESC and the

differentiated hESC. Using the averaged two lanes, the data were

filtered to require a miRNA to have at least 50 counts in two of

the three bridge pools (canonical, V1, or V2) for both the un-

differentiated and the differentiated hESC sample. TenmiRNAs met

these criteria. Differential addition of nucleotides was calculated

based ondifferences in fractional abundance of the variants.P-values

were calculated for each miRNA between the undifferentiated and

differentiated samples using the biological replicates.

For the nucleotidyl transferase knockdown data, we had four

biological replicates of our negative control (siCyclophilin) and

two replicates of the nucleotidyl transferases knockdowns for each

of the canonical, V1, and V2 lanes assayed. The data were filtered

based on counts in the four siCyclophilin samples. If a miRNA had

at least 50 counts in two of three assays (canonical, variant 1, or

variant 2) for all four samples, it was retained. The counts were

then converted to relative percentages of the canonical, variant 1,

and variant 2 sequences. Relative percentages were compared

between each of the knockdown samples (averaged across two

lanes) and the four siCyclophilin lanes (averaged across four lanes).

P-valueswere calculated for eachmiRNA comparing canonical, V1,

and V2 results from the negative control siCyclophilin samples to

the nucleotidyl transferase knockdown samples. The false discov-

ery rate (FDR)was determined by the Benjamini-Hochbergmethod

using the multtest R package (Benjamini and Hochberg 1995; van

der Laan et al. 2004).

RNA for stem cell differentiation experiment

RNA used was from undifferentiated H1 human embryonic stem

cells or from plates of H1 cells allowed to spontaneously differen-

tiate (i.e., in a nondirectedmanner) for 7 or 9 d after the removal of

fibroblast growth factor. The RNAs corresponded to aliquots from

our earlier study, in which the culture of the cells and RNA iso-

lation was performed (Bar et al. 2008). A total of 100 ng of RNA

was used as input into the sample preparation reaction for the

NanoString nCounter assay. Two biological replicates of undiffer-

entiated and differentiated cells were run.

Cell culture, siRNA transfection, RNA isolation, and qRT–PCR

HCT-116 cells were maintained in McCoy’s media (GIBCO) with

10% FBS (Atlanta Biologicals Inc). Transfections were performed

with Lipofectamine RNAiMax (Invitrogen) and 30 nM of ON-

TARGETplus SMARTpool siRNAs (Dharmacon) directed against

each enzyme of interest or the negative control gene, cyclophilin

B. Duplicate transfections for each enzyme knockdown, and qua-

druplicate transfections of siCyclophilin were performed. RNA

was isolated with the miRNeasy RNA isolation kit (QIAGEN) 72 h
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post-transfection. cDNA was synthesized using the High Capacity

cDNA Reverse Transcription Kit (Applied Biosystems). Expression

analysis via qRT–PCR was performed with Taqman gene ex-

pression assays (Applied Biosystems), using expression of GUSB to

normalize for variations in RNA input. A total of 400 ng of RNAwas

used as input into the sample prep reaction for the NanoString

nCounter assay.

Data access

The data from this study have been submitted to the NCBI Gene

Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) under

accession no. GSE26970.
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