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Chapter 2

PAPD5-mediated 3’ adenylation and
subsequent degradation of miR-21 is
disrupted in proliferative disease

In collaboration with Helena Persson, Jay W. Shin, Yuri Ishizu, Inga Newie, Rolf Søkilde, Shannon M. Hawkins,
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2. Isoform-specific regulation of oncomiR miR-21

Background

The advent and subsequently widespread use of next-generation sequencing
technology has enabled the in-depth examination of the small RNA comple-
ment of cells. Among these small RNAs are microRNAs (miRNAs), a class of
∼22-nt RNAs that was discovered about twenty years ago [165]. An impressive
amount of miRNA sequencing data is now publicly available, which has aided
the discovery of novel miRNAs, miRNA function, and their biogenesis [166].

In the canonical miRNA generation pathway, RNA polymerase II or III
produces the primary miRNA transcript from which the pre-miRNA hairpin
is excised by DROSHA. The pre-miRNA is exported to the cytoplasm where it
is cut by DICER1 to release a double-stranded RNA duplex consisting of the
mature miRNA and the passenger strand. Whereas the passenger strand is
usually rapidly degraded, the mature miRNA is loaded as a single-stranded
RNA into an Argonaute protein to form the RNA-induced silencing complex
(RISC) [167, 168]. Within RISC the miRNA binds to partially complementary
target sites in messenger RNAs, located preferentially in the 3’ UTR, to in-
hibit translation and induce degradation of the target mRNA. Base pairing
to nucleotides two to eight of the miRNA, the so-called seed sequence, is
particularly important for target gene recognition.

In recent years, deep-sequencing libraries of small RNAs have revealed
the existence of a large number of sequence variants both in pre-miRNAs
and in mature miRNAs. In pre-miRNAs, sequence variations associated with
adenosine-to-inosine (A-to-I) editing have been shown to affect their process-
ing [169, 170]. Similarly, polyuridylation mediated by the uridylyl transferase
ZCCHC11 of the 3’ ends of pre-miRNAs of the let-7 miRNA family can sup-
press their maturation [171–174].

Sequence variations in mature miRNAs are referred to as isomiRs [175–
177]. IsomiRs may be produced by differential excision by DICER1, which
can lead to variations in the 5’ and 3’ ends of the mature miRNA [178]. This
can alter their affinity for Argonaute proteins [179] and also, in case of 5’ end
variations, their target specificity [180].

IsomiRs can also be generated by non-templated addition of A and U nu-
cleotides to their 3’ end [175,181]. Although several enzymes have been found
to govern 3’ nucleotide addition to mature miRNAs [182], for most mature
miRNAs 3’ adenylation is mediated by PAP associated domain containing 4
(PAPD4, also known as GLD2) [181]. Whereas mature miR-122 is selectively
stabilized by PAPD4-mediated adenylation [183], it remains unclear whether
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Figure 2.1: The upper image shows the structure of pre-miR-21 as predicted by mfold [192]. The
canonical miR-21 and miR-21+C isomiRs are highlighted in blue and burgundy, respectively. The
definitions used in this chapter appear below the structure.

in general adenylation of the 3’ end of mature miRNAs increases their stabil-
ity [181].

MicroRNAs are involved in the regulation of many cellular processes in-
cluding developmental and oncogenic pathways [167, 184]. The oncogenic
microRNA (oncomiR) miR-21 (Figure 2.1) has been of particular interest be-
cause of its importance in human diseases such as cancer [185–187], car-
diovascular disease [186, 188], and inflammatory skin disease [189], with
a role in cell cycle control [190], apoptosis [187] and metastasis [185, 191].
Small RNA sequencing data from The Cancer Genome Atlas (TCGA) (http:
//cancergenome.nih.gov/) across a panel of 10 cancer types showed that miR-21
is the most highly expressed miRNA in cancer (Figure S1A), with an expression
level significantly elevated in tumor samples compared with the correspond-
ing normal samples (Figure S1B). Due to its biological and clinical importance,
miR-21 is by far the most widely studied miRNA (Figure S1C). Despite this, its
isomiR composition and the functional significance of specific miR-21 isomiRs
remain poorly understood.

Across a broad collection of small RNA deep-sequencing libraries, we
found that two mature isomiRs of miR-21 are highly expressed, with their rel-
ative expression ratio strongly cell-type dependent. We show that the longer
of the two isomiRs is the primary product of DICER1 cleavage, and that the
shorter isomiR is produced by 3’-to-5’ degradation of miR-21 by a tailing-
and-trimming process involving the nucleotidyl transferase PAP associated
domain containing 5 (PAPD5) and the poly(A)-specific ribonuclease PARN.
We then show that this degradation pathway is disrupted in most cancers,
as well as in the non-cancerous proliferative skin disease psoriasis. This pro-
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2. Isoform-specific regulation of oncomiR miR-21

vides evidence for a pathway in which PAPD5, a tumor suppressor previously
shown to stabilize tumor protein 53 (TP53) mRNA [193], also regulates on-
comiR degradation.

Results

MicroRNA-21 has two prominent isoforms

We produced a set of small RNA libraries from MCF7 breast cancer cells (SI
Materials and Methods and Figure S2) and found that miR-21 accounted for
more than 39% of total miRNA expression in this cell line (Figure S3). Almost
half of the overall miR-21 expression was due to a 23-nucleotide isomiR, which
we refer to as miR-21+C, that has an additional cytosine at the 3’ end compared
with the 22-nucleotide canonical miR-21 isomiR registered in miRBase [194]
(Figures 2.1, S3). As this cytosine is encoded in the genome, miR-21+C may
be produced directly by DICER1 processing of the pre-miR-21 hairpin struc-
ture. Reanalyzing small RNA data previously produced at our laboratory from
THP1 monocytic leukemia cells [195] revealed abundant expression of both
isomiRs also in this cell line (Figure S3). Previous Northern blotting experi-
ments for miR-21 in RNA obtained from MCF7, HeLa, and HT29 cells [178]
confirm the existence of both a 22 nucleotide and a 23 nucleotide mature
miRNA in these cells.

MicroRNA-21+C is the primary product of pre-miR-21 cleavage by
DICER1

To understand the mechanism by which these two isomiRs are produced,
we first considered the possibility that DICER1 itself is able to generate both
isomiRs by alternative excision from the pre-miRNA hairpin. However, pre-
viously only a single 23 nucleotide mature miRNA was observed after in
vitro cleavage by DICER1 [196, 197], suggesting that at least in vitro DICER1
does not produce the 22 nucleotide canonical miR-21 isomiR. Furthermore,
although we would expect such alternative excision to be accompanied by a
variation in the 5’ starting nucleotide of the miR-21 passenger strand sequence,
we detected only a single dominant miR-21 passenger strand sequence both
in our MCF7 as well as in our THP1 sequencing data (Figures 2.1, S4). Se-
quencing reads of the loop section of the pre-miR-21 hairpin structure are also
consistent with excision by DICER1 of miR-21+C and do not show evidence
of direct excision of the 22-nucleotide canonical miR-21 isomiR (Figure S4).
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Association of human DICER1 with its partner protein TAR (HIV-1) RNA
binding protein 2 (TARBP2, also known as TRBP) has previously been shown
to alter its pre-miRNA cleavage pattern in vitro [196]. However, Northern
blots revealed only a single mature miRNA band of the same size after in vitro
cleavage of pre-miR-21 by either DICER1 or the TARBP2-DICER1 complex
[196], indicating that the existence of two distinct miR-21 isomiRs is not due
to association of DICER1 with TARBP2.

Finally, we note that the 23-nucleotide isomiR miR-21+C has a 2-nt over-
hang at its 3’ side with respect to the 5’ end of the passenger strand (Figures 2.1,
S4), which is biochemically favorable and is typically seen in mature miRNA
excision by DICER1 [198]; in contrast, excision of the 22 nucleotide canonical
miR-21 isomiR would yield a single nucleotide overhang. We conclude that the
miR-21+C isomiR is the primary product of DICER1 cleavage of pre-miR-21
both in vitro and in cell lines.

MicroRNA-21+C is subject to cell-type specific 3’ adenylation

As DICER1 processing of pre-miR-21 only produces the 23 nt miR-21+C
isomiR, we hypothesized that the canonical 22 nt mature miR-21 isomiR may
instead be produced by 3’-to-5’ trimming of the 23 nt miR-21+C isomiR. Pre-
viously, stimulation of miR-21 degradation in HeLa cells by transfection of
miR-21-specific antagomiRs was shown to not only result in 3’-to-5’ trimming
of this miRNA, but also in its 3’ tailing by one or more nucleotides [199]. In
most cases, a single adenosine was added to the 3’ end of miR-21+C, giv-
ing rise to a 24 nt miR-21+CA isomiR. This adenosine is not encoded in the
genome and is therefore likely to have been added posttranscriptionally to
miR-21+C. In agreement with these previous results, we found that the miR-
21+CA isomiR comprised between 1% and 10% of the miR-21 sequences in
our MCF7 and THP1 sequencing data (Figure S3).

To gauge whether these three isomiR forms are a general property of miR-
21 expression in different cells and organisms, we examined publicly available
sequencing data sets from human, rhesus macaque, mouse, rat, cow, platypus
and Japanese flounder (Table S1). The examined data included both healthy
and diseased samples, as well as primary tissue and cell lines, and between
them cover approximately 450 million years of evolution. Remarkably, miR-
21, miR-21+C, and miR-21+CA were found in each of these data sets, with
their abundances and relative counts varying between cell types (Figure S3).
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Figure 2.2: (A) Deep-sequencing data of small RNAs from THP1 cells upon knockdown of candi-
date adenylating enzymes showed a large and highly significant decrease in the adenylation ratio
of miR-21+C after knockdown of PAPD5, which was confirmed in a replicate PAPD5 knockdown
experiment. (B) The expression level of miR-21, as measured by qPCR and normalized against
the expression of the spliceosomal RNA U6, increased significantly upon knockdown of PAPD5
in THP1 cells. (C) Upon knockdown of exoribonuclease PARN, the miR-21+C adenylation ratio
increased significantly compared with NC both in THP1 (two replicates) and in MCF7 (three repli-
cates). In THP1, the miR-21+C adenylation ratio also increased significantly upon knockdown of
PAN3.

PAPD5 adenylates the 3’ end of miR-21

Previously, we investigated nontemplated 3’ nucleotide additions to miRNAs
by analyzing sequencing data from THP1 cultures in which the nucleotidyl
transferases ZFR, PAPD4, PAPD5, PAPD7, and ILF3 were knocked down by
RNA interference [181]. We re-analyzed these data and found that knocking
down PAPD5 dramatically decreases the adenylation ratio of miR-21+C (by
74%, p = 2.1e-11; Figure 2.2A). This finding surprised us, as previously most
miRNA 3’ adenylation events appeared to be mediated by PAPD4 and few,
if any, by PAPD5 [181]. We therefore repeated the PAPD5 knockdown exper-
iment, which again showed a significant decrease in the miR-21+C adenyla-
tion ratio (by 71%; p = 2.6e-18; Figure 2.2A). MiR-142-3p was the only other
miRNA that consistently showed a significant decrease in adenylation ratio in
both replicates of the PAPD5 knockdown experiment (Figure S5).

In vitro, PAPD5 has previously been shown to be an RNA-specific nu-
cleotidyl transferase that can add adenosine to the 3’ end of a variety of oligori-
bonucleotides [200]. To evaluate if also in cells PAPD5 acts directly on miR-21,
we analyzed previously published photoactivatable-ribonucleoside-enhanced
cross-linking and immunoprecipitation (PAR-CLIP) sequencing data obtained
from HEK293 human embryonic kidney cells [200, 201]. These data revealed
a statistically significant fraction of miR-21 cross-linking to PAPD5 in two in-
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dependent replicates (p = 3.7e-4 and p = 0.0072, respectively; SI Materials and
Methods and Table S2), suggesting that the decrease in miR-21 adenylation
observed in the PAPD5 knockdown libraries is a direct effect.

MicroRNA-21+C is trimmed at the 3’ end following its adenylation

In human and murine liver cells, 3’ adenylation mediated by the nucleotidyl
transferase PAPD4 has been shown to stabilize miR-122 [183]. In contrast,
PAPD5 was recently found to aid in the maturation of SNORA63 and other
small nucleolar RNAs in a pathway where oligoadenylation by PAPD5 is fol-
lowed by 3’-to-5’ trimming by the exonuclease PARN [202,203] (Figure S6). In
all sequencing data sets shown in Figure S3, we found miR-21+C transcripts
with multiple adenosines added to their 3’ end. We hypothesized that miR-
21+CA is similarly subject to 3’-to-5’ trimming, producing the 22-nt canonical
miR-21 isomiR, which may subsequently be trimmed further in the 3’-to-5’
direction as part of a miR-21 degradation pathway. In all libraries, the vast
majority of sequenced miR-21 reads shorter than the mature miRNA aligned
to the 5’ end of miR-21, indicating that degradation of miR-21 indeed predom-
inantly proceeds in the 3’-to-5’ direction. We regarded such 5’-matching reads
shorter than 23 nucleotides as putative miR-21 degradation products. In both
PAPD5 knockdown libraries, we found a significant decrease in the counts of
these degradation products compared with negative control (p = 1.2e-4 and
p = 1.0e-5), suggesting that PAPD5-mediated adenylation of miR-21+C in-
deed promotes its 3’-to-5’ degradation (Figure S7A). In agreement with such a
degradation pathway, quantitative RT-PCR (qRT-PCR) showed a significantly
higher expression level of miR-21 in THP1 cells upon PAPD5 knockdown
compared with NC (p = 0.029; Figure 2.2B).

To assess whether expression of PAPD5 is sufficient to stimulate adeny-
lation and trimming of miR-21, we overexpressed the protein in THP1 and
MCF7 cells using a lentiviral vector (SI Materials and Methods; Figure S8A)
and profiled their small RNAs by deep-sequencing. Both in THP1 and in MCF7
cells, we found an increase in the abundance of miR-21 degradation products
two weeks post PAPD5 transduction compared with NC (Figure S7B, S7C).
Confirming this observation we detected higher levels of miR-21 relative to
miR-21+C (Figure S7D). However, we failed to confirm the accumulation of
degradation products using RNA samples extracted at an earlier time point
posttransduction (Figure S7E).
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2. Isoform-specific regulation of oncomiR miR-21

The exoribonuclease PARN mediates miR-21 degradation

To identify the enzyme responsible for 3’-to-5’ trimming of miR-21, we se-
lected seven known exoribonucleases (CNOT6L, ERI1, PAN3 [poly(A) specific
ribonuclease subunit], PARN, RNASEL, EXOSC4, and EXOSC10), knocked
down their expression in THP1 cells using RNA interference (Figure S8B and
Table S3), and sequenced their small RNA fraction. The sequencing data in-
deed revealed a significant increase in the adenylation ratio of miR-21+C upon
PARN knockdown (p = 2.2e-5 and p = 0.041; Figure 2.2C) as well as upon PAN3
knockdown (p = 0.013 and p = 0.0086; Figure 2.2C).

Regarding 3’-to-5’ trimming of miR-21 as a degradation process, we define
the ratio of the miR-21 count to the miR-21+C count as the degradation ratio
(Figure 2.1). Although both replicates of the PARN knockdown showed a
decrease in the degradation ratio (Figure S7F), we did not observe a decrease
of this ratio upon PAN3 knockdown in either replicate (Figure S7G). This
suggests that PARN, rather than PAN3, is the main exoribonuclease mediating
3’-to-5’ trimming and further degradation of miR-21. We further note that in
both replicates of the PAN3 knockdown, on average, the adenylation ratio
increased across all miRNAs (p = 6.2e-4 and p = 1.6e-5), suggesting that PAN3
acts as a deadenylating enzyme on a wide variety of miRNAs. No such effect
was found for PARN, indicating that it acts specifically on miR-21.

To verify this role of PARN in a different cell type, we repeated its knock-
down in MCF7 cells. Each of the three replicates again showed a significant
increase in the miR-21 adenylation ratio (p = 0.027, p = 0.037, and p = 0.043;
Figure 2.2C), as well as a decrease in the degradation ratio (Figure S7H).

PAPD5-mediated adenylation affects regulation by miR-21

To determine the downstream regulatory consequences of PAPD5-mediated
adenylation and PARN-mediated degradation of miR-21+C, we analyzed gene
expression in the PAPD4 and PAPD5 knockdown samples in THP1 cells using
mRNA microarrays. Knockdown of PAPD4 and PAPD5 was confirmed both
by qPCR and by the microarray expression profiling itself (Figure S8C, S8D).
Target genes for miR-21 predicted by TargetScan [204,205] showed significant
down-regulation in the PAPD5 knockdown samples compared with the NC
(Figure 2.3A; p = 0.002). We also find a down-regulation of target genes upon
PAPD5 knockdown if we restrict ourselves to confident target predictions by
requiring a TargetScan context score lower than -0.2 (Figure 2.3A; p = 0.014). In
addition, the reduction in the expression of genes with at least two predicted
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Figure 2.3: Gene expression profiling in THP1 cells was performed using microarrays for two bio-
logical replicates each for the NC, the PAPD4 knockdown condition, and the PAPD5 knockdown
condition. (A) Compared with NC, predicted target genes of miR-21 were significantly downreg-
ulated upon knockdown of PAPD5, but not upon knockdown of PAPD4. This observation holds
if more stringent selection criteria for miR-21 target genes are applied, such as requiring a context
score lower than -0.2 or requiring multiple target sites for the same. Asterisks indicate statistically
significant differential expression. Error bars represent the SDs of the estimated mean percentage
change between the knockdown condition and the NC. (B) A heat map view of the expression
data confirms that the profiled genes cluster by experimental condition.

miR-21 target sites was about twice as large compared with that of all predicted
miR-21 target genes (Figure 2.3A; p = 0.029). None of these sets of genes
showed a statistically significant down-regulation upon PAPD4 knockdown,
demonstrating that the effect on miR-21 target genes is specific for PAPD5.
Hierarchical clustering of the microarray expression data with respect to the
knockdown conditions reveals distinct clustering into an NC cluster, a PAPD4
knockdown cluster, and a PAPD5 knockdown cluster (Figure 2.3B).

Dysregulation of the miR-21 degradation pathway in proliferative
disease

To evaluate the relevance of the miR-21 degradation pathway in disease, we
analyzed RNA sequencing and small RNA sequencing data from clinical sam-
ples from TCGA (http://cancergenome.nih.gov/). We applied our analysis to
the 10 cancer types for which the TCGA data are currently publicly available,
and for which both tumor and normal samples have been profiled (Figure 2.4).
Across most cancer types, both the miR-21 degradation ratio (Figure 2.4A) and
the miR-21 adenylation ratio (Figure 2.4B) were significantly lower in the tu-
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Figure 2.4: Across a wide variety of cancers, the degradation ratio (A) and the adenylation ratio
(B) of oncomir miR-21+C is significantly lower in tumor samples compared with normal samples.
A reduced degradation ratio (C) and adenylation ratio (D) is also observed in psoriasis, which is
similarly characterized by elevated expression levels of miR-21 (E). Error bars indicate the SD of the
estimated mean; Kruskal-Wallis p-values of the difference between healthy and disease samples
are shown for each disease type. (F) As shown here for lung squamous cell carcinoma (LUSC),
in most cancers the PAPD5 expression level is positively correlated with the miR-21 adenylation
ratio, which in turn is negatively correlated with the miR-21 expression level (G). Similarly, in
psoriasis the miR-21 adenylation ratio is negatively correlated with the miR-21 expression level
(H). “Involved” refers to psoriatic skin samples, “uninvolved” to samples of skin from psoriatic
patients that are not affected by psoriasis, and “normal” to skin from healthy donors. Dashed
lines indicate the 95% confidence interval of the regression line. The Spearman correlation and its
corresponding p-value are shown. MicroRNA-21 expression levels are normalized to the overall
miRNA expression level in each sample; PAPD5 expression levels are evaluated as reads per
kilobase of transcript per million mapped reads (RPKMs). cpm, counts per million miRNAs.

mor samples compared with the corresponding normal samples; there were
no significantly elevated degradation ratios or adenylation ratios in any of
the cancer types. Consistent with PAPD5-mediated adenylation of miR-21
leading to its degradation, across most cancer types we found a statistically
significant positive correlation between PAPD5 expression level and adenyla-
tion ratio (Figures 2.4F, S9A), and a significant negative correlation between
the adenylation ratio of miR-21 and its expression level (Figures 2.4G, S9B).
The remaining correlation values were not significantly different from zero.
Combined, the above indicates that disruptions in the degradation pathway
of miR-21 are a hallmark of cancer across a wide range of tissues.

We then asked whether disruption of the miR-21 degradation pathway
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is relevant in non-cancerous proliferative diseases such as psoriasis, a skin
disease characterized by increased proliferation of basal cells in the epidermis
[206]. Small RNA-sequencing data consisting of 67 patient samples of psoriatic
and normal skin previously revealed [189] that at the molecular level psoriasis,
like cancer, is characterized by elevated expression levels of miR-21 (Kruskal-
Wallis p = 8.8e-11; Figure 2.4E). Analyzing the miR-21 isomiR counts across
these samples showed that the adenylation ratio is negatively correlated with
the miR-21 expression level (r = -0.71; p = 9.6e-12; Figure 2.4H), with the miR-
21+C degradation ratio and adenylation ratio significantly lower in psoriasis
samples compared with unaffected skin (Kruskal-Wallis p = 2.5e-8 and p =

1.1e-9, respectively; Figure 2.4C, 2.4D). Hence, we conclude that dysregulation
of the miR-21 degradation pathway is not limited to cancer, but can also occur
in other types of proliferative disease.

Discussion

In recent years, several posttranscriptional mechanisms have been uncovered
that enable the fine-grained regulation of individual miRNAs beyond the
canonical maturation pathway [167, 207, 208]. Next-generation sequencing of
miRNAs has revealed a wide variety of miRNA variants that may be produced
by differential excision by DICER1 or nucleotide additions to the 3’ ends of
miRNAs or their precursors [175, 209]. Multiple nucleotidyl transferases, in-
cluding PAPD4 and PAPD5, can mediate 3’ adenylation of mature miRNAs
in human [181, 182]; these 3’ additions have been shown to be a physiological
phenomenon rather than an artifact of library preparation and are specific for
different miRNAs [182]. However, the biogenesis and biological significance of
miRNA 3’ modifications as well as isomiRs with distinct 3’ ends are generally
poorly understood.

Whereas mature miRNAs generally are stable and tend to persist even if
the processing enzymes are depleted by RNAi [210,211], examples are known
in which specific miRNAs are degraded rapidly [212], and sequence-specific
tailing and trimming was recently reported as a mechanism of miR-27a/b de-
pletion in mouse [213]. Our results show that 3’ adenylation of oncomiR
miR-21 by the nucleotidyl transferase PAPD5 may similarly lead to its degra-
dation by targeting it for 3’ end trimming by exoribonuclease PARN. This
enzyme thus is a human ortholog of the exonuclease Nibbler, which was re-
cently discovered to trim the 3’ ends of miRNAs in Drosophila [207,208]. PARN
was recently also shown to trim the 3’ arm of human pre-miR-451 in the 3’-to-5’
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direction as the final step in the maturation pathway of this miRNA [214].
In liver cells, an additional biological function of PAPD5 was recently dis-

covered in a regulatory pathway affecting the tumor suppressor TP53 (also
known as p53) [193]. In this pathway, PAPD4 stabilizes the microRNA miR-
122 by 3’ adenylation [183], thereby stimulating translational repression by
miR-122 of the cytoplasmic polyadenylation element-binding protein CPEB.
This protein binds to the 3’ UTR of TP53 mRNA and recruits PAPD5, which
modulates the stability and translation of the TP53 mRNA by polyadenylating
its 3’ end. Hence, PAPD5 acts as a tumor suppressor by regulating translation
of TP53 and thus promoting cellular senescence (Figure 2.5; [193]). Interest-
ingly, PARN was recently shown to trim polyadenylated TP53 mRNA [215],
which suggests a combined role for PAPD5 and PARN both in the regulation
of TP53 abundance and in regulation of miR-21 after DICER1 cleavage.

Enzymatic addition of adenosine or uracil nucleotides to the 3’ end of
miRNAs may in general modulate their stability and thereby play a role in
regulating their abundance [184]. Whereas miR-122 was previously shown to
be stabilized by PAPD4-mediated adenylation of its 3’ end [183, 184], we find
instead that 3’ terminal addition by PAPD5 to miR-21 stimulates its degra-
dation. This suggests the existence of a regulatory network of 3’ nucleotidyl
transferases and exoribonucleases targeting specific mature miRNAs to en-
hance or prevent their degradation. As evidenced by our analysis of small
RNA-sequencing data from clinical samples, the degradation pathway of miR-
21 we identified is frequently disrupted across a wide variety of proliferative
diseases, underscoring the importance of this regulatory network in human
health and disease.

Materials and methods

A detailed description of the materials, data sources, and experimental and analysis
methods is provided in SI Materials and Methods.

Analysis of miR-21 isoforms in sequencing data

For human, the mature miR-21 sequence listed in miRBase [194] is the common 22 nt
isoform UAGCUUAUCAGACUGAUGUUGA. This 22 nt sequence and its 3’ down-
stream sequence are conserved in all species we analyzed, except for Japanese floun-
der [219], for which the mature sequence is UAGCUUAUCAGACUGGUGUUGG but
the downstream sequence is the same as for the other species.
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Figure 2.5: PAPD5 prolongs the life of the mRNA encoding tumor suppressor TP53 by polyadeny-
lation. By adenylating miR-21+C and thus inducing its degradation by PARN, PAPD5 prevents
the oncomiR from repressing other tumor suppressors. Once associated with an Argonaute pro-
tein, miR-21 isomiRs engage in the promotion of a variety of classical cancer hallmarks [14], such
as angiogenesis, the avoidance of apoptosis, altered signaling, metastasis, enhanced anaerobic
metabolism, and enhanced proliferation. The miR-21 targets shown in this figure have all been
experimentally verified (PTEN: [63], PDCD4 [216], SPRY1 [217], SERPINB5: [218]). Nucleotidyl
transferases are represented as yellow hexagons; TP53, a key transcription factor involved in
tumor suppression, is represented by a green rounded rectangle; the exoribonuclease PARN is
shown in orange; and regulatory interactions are represented by green arrows (up-regulation or
stimulation) or red “inhibition” arrows (down-regulation or inhibition). The uptake of canonical
miR-21 and miR-21+C into the RISC complex is denoted by arrows. Adenylated miR-21+C un-
dergoes degradation by the 3’ exoribonuclease PARN, which yields the 22-nt miR-21 and shorter
degradation products.
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Statistical analysis of adenylation/degradation rates and
overrepresentation of degradation products

The enzyme knockdown conditions were analyzed separately by comparing the se-
quence counts for isomiRs in the knockdown condition to their sequence counts in
the negative control to estimate the common dispersion of the negative binomial dis-
tribution [220] using the maximum likelihood method. We then used the likelihood
ratio test [221] to calculate the statistical significance of differences in adenylation ratios
between each knockdown condition and the negative control for each miRNA.
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