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ABSTRACT

It is currently unknown how many RNA tran-
scripts are able to induce degradation of microR-
NAs (miRNA) via the mechanism known as target-
directed miRNA degradation (TDMD). We developed
TDMDfinder, a computational pipeline that identifies
‘high confidence’ TDMD interactions in the Human
and Mouse transcriptomes by combining sequence
alignment and feature selection approaches. Our pre-
dictions suggested that TDMD is widespread, with
potentially every miRNA controlled by endogenous
targets. We experimentally tested 37 TDMDfinder
predictions, of which 17 showed TDMD effects as
measured by RT-gPCR and small RNA sequencing,
linking the miR-17, miR-19, miR-30, miR-221, miR-
26 and miR-23 families to novel endogenous TD-
MDs. In some cases, TDMD was found to affect dif-
ferent members of the same miRNA family selec-
tively. Features like complementarity to the miRNA
3 region, bulge size and hybridization energy ap-
peared to be the main factors determining sensitivity.
Computational analyses performed using the multi-
omic TCGA platform substantiated the involvement
of many TDMD transcripts in human cancer and high-
lighted 36 highly significant interactions, suggesting
TDMD as a new potential oncogenic mechanism. In
conclusion, TDMDfinder provides the first inventory
of bona fide human and mouse TDMDs. Available as
a free webtool, TDMDfinder allows users to search
for any TDMD interaction of interest by customizing
its selection criteria.

INTRODUCTION

MicroRNAs are a class of small non-coding RNAs that
function as guide molecules in RNA silencing (1). The
miRNA:target interaction is based on a limited base-pair
complementarity, which usually involves nucleotides lo-
cated at the 5 end of the miRNA (the ‘seed’ region) and
a complementary region typically located within the 3 un-
translated region of the target RNA (the miRNA responsive
element, MRE). This interaction occurs within the RNA
inducible silencing complex (RISC) and leads to mRNA
destabilization and protein synthesis inhibition. The biolog-
ical activity of a given miRNA is critically determined by
its cellular copy number which must be precisely controlled
(2,3). These cellular levels depend primarily on miRNA bio-
genesis, which involves several steps from the transcription
of a primary transcript to the maturation of the latter into a
small, single-stranded RNA molecule loaded onto the Arg-
onaute (AGO) proteins, the catalytic components of the
RISC (4).

In the last few years, it has emerged that miRNA degra-
dation also plays a critical biological role and miRNA de-
cay has been revealed to be a regulated process, modulat-
ing speci ¢ MiRNAs in different biological contexts (5-
8). The mechanism described to control miRNA degra-
dation involves a speci ¢ class of target RNAs and has
thus been termed ‘Target-Dependent MiRNA Degrada-
tion’ (TDMD) (9). At rst, this mechanism was observed
with arti cial targets in vitro (10) and with viral RNA tar-
gets in vivo (11,12). TDMD was also shown to take place
in the human and mouse brain in a peculiar fashion (9),
although it was unclear which endogenous targets were
involved. Cellular transcripts able to induce TDMD of
their respective cognate miRNASs have been recently identi-
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ed in three independent studies: Serpinel, shown to trig-
ger miR-30b/c degradation in mouse broblasts (13); li-
bra and Nrep, able to degrade miR-29b in zebra sh and
mouse brain, respectively (14) and Cyrano, capable of in-
ducing miR-7 decay in mouse (15). In each of these cases,
the TDMD-transcript contained a miRNA degradation el-
ement (MDE) that, in addition to the usual seed pairing re-
gion, was characterized by a second region with comple-
mentarity to the 3 end of the miRNA (named ‘3C pair-
ing’) and by a central unpaired linker region (‘bulge’) be-
tween them. The structural bases of TDMD have been re-
cently unveiled by determining the crystal structures of hu-
man Ago2 bound to either of two TDMD targets (16).
The complementarity of the 3C pairing region forces the
target:miRNA duplex to bend at the linker, pushing the
miRNA 3 end out of the PAZ domain of Ago2, where it be-
comes accessible to enzymatic degradation. The ZSWIM8
Cullin-RING E3 ubiquitin ligase has also been recently im-
plicated in the mechanism (17,18). ZSWIMS is recruited by
the TDMD conformation and induces the degradation of
AGO, thus resulting in miRNA decay. Importantly, these
studies suggest that endogenous TDMD is widely involved
in sculpting the levels of numerous miRNAs and that it
acts in multiple contexts and animals, from ies and nema-
todes to mammals. Nonetheless, the endogenous TDMD
interactions are still unknown and to date a genome-wide
identi cation has not been attempted yet. In fact, com-
monly used target predictive algorithms, such as TargetScan
(www.targetscan.org), miRanda (http://www.microrna.org)
or miRDB (http://mirdb.org), that provide information
about possible miRNA targets rely on a scoring system (e.g.
context score) that focuses on the seed region and, there-
fore, does not allow to speci cally search for TDMD inter-
actions.

In this study, we present a computational pipeline called
TDMD nder that was developed to identify miRNA:target
pairs with the potential to produce TDMD effects. We used
TDMD nder to investigate the human and mouse genomes
and predicted TDMD interactions that gave a high accu-
racy score (47%) when assessed by experimental validation.
Through the integration of multiple computational analy-
ses performed on large cancer datasets, TDMD nder also
provided useful information on the involvement of TDMD
in human cancer.

MATERIALS AND METHODS
MRNA:miRNA TDMD predictions

All the predicted target:miRNA interactions in human and
mouse (both conserved (CS) and non-conserved (nCS), re-
spectively, Nhuman.cs = 257 466, Nhyman.ncs = 14 279 806,
Nmouse.cs = 193 264, Nmousencs = 10 662 819) were
downloaded from the TargetScan database Release 7.2
(http://www.targetscan.org/). Data were Itered to exclude
alignments with non-canonical seed sites. The TargetScan
database was also used to retrieve the exact position of
each microRNA responsive element (MRE) within the
corresponding 3 UTR region. Then, the 30 nucleotides
upstream from the MRE were retrieved from Ensembl
database (v75) and pairwise sequence alignments per-

formed using the pairwiseAlignment function in the Biocon-
ductor Biostrings package (v3.1). A global alignment of the
reverse-complement of the mMRNA and miRNA sequences
converted to DNA strings, respectively pattern and sub-
ject, was performed using the gap penalty values and sub-
stitution scoring scheme provided by microRNA.org (http:
[Iwww.microrna.org/). Only the alignments covering the en-
tire length of the subject (i.e. miRNA) were further ana-
lyzed in order to nd the ‘best alignment’, de ned as the
one having an alignment score falling between the 50th and
the 100th percentile and the smallest number of gaps. For
each aligned RNA duplex, information on the number of
matches, mismatches, and consecutive aligned nucleotides
was extracted using a custom implemented R function, to-
gether with additional information, such as dimension of
the bulge (de ned as the rst block of at least two mis-
matching bases located beyond the seed region; only when
this condition was not satis ed, the position of the rst
single mismatch beyond the seed was considered), and the
presence/absence of base pairing both in positions 9, 10 and
11 and inthe 3 end four last positions of the miRNA. In or-
der to select miRNAs whose 3 complementary regions (3C)
were compatible with TDMD, we initially identi ed all the
pairs with seven or more (=7) consecutive pairings (includ-
ing G:U wobbles) and then we retained only 3C consecutive
pairings with a limited number of G:U wobbles by applying
the following rule: Number(3C consecutive_with_G:U) -
Number(G:U_in_3C_consecutive_region) >5. For instance,
in pairs with a stretch of seven consecutive pairings, only
one G:U was allowed. Examples of the ‘3C types’ are shown
in Figure 1A.

Calculation of minimum free energy (MFE)

The RNAhybrid tool (http://bibiserv.techfak.uni-bielefeld.
de/rnahybrid) (19) was used to calculate the minimum
free energy (MFE) of hybridization for each predicted tar-
get:miRNA duplex. For each target:miRNA alignment, the
ratio between its MFE and the MFE of a ‘theoretically opti-
mal TDMD’ was also calculated. For each of the annotated
miRNAs, the corresponding ‘theoretically optimal TDMD’
was built using RNA sequences that were complementary to
the miRNA sequence of interest in all positions except for
position 9, 10 and 11 (i.e. bulge region).

Predicted and high con dence TDMD pairs selection and
phylogenetic conservation

Out of the predicted TDMD pairs, we selected those that
met the following criteria: alignments with seven or more
(=7) consecutive 3C matches, a bulge extension between 2
and 8 nucleotides long (=2 and <8) and a MFE ratio greater
than 0.7 (=0.7). High Con dence (HC) TDMD pairs were
selected from the list of predicted TDMD pairs by Itering
those with six or more (=6) consecutive 3C matches (con-
sidering canonical pairings only) and a MFE ratio greater
than 0.8 (=0.8).

For each predicted TDMD duplex, the phylogenetic
conservation of the region corresponding to the 3C pair-
ing element was measured using the PhyloP scores re-
trieved from the UCSC (https://genome.ucsc.edu). We used
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Figure 1. Identi cation of TDMD pairs in human and mouse transcriptome. (A) Scheme summarizing the different types of miRNA:target interactions:
canonical and TDMD. Bottom panel reports the nomenclature used to classify’3 complementarity (3C) types, based on number of consecutive pairings and
the contribution of G:U wohbles. (B) MDEs of known TDMD targets are shown along with their structural and thermodynamic features: 3C type, bulge
extension nucleotides (bulge), minimal free energy (mfe) of the interaction, reported as a ratio over an optimal TDMD duplex. (C-E) Schemes illustrating
the work ow used to identify and investigate TDMD interactions. (C) TDMD nder pipeline. (D) Criteria used to classify ‘Predicted TDMD’ interactions
and, after evaluating experimental validation results, to isolate High-Con dence TDMD (HC). (E) Pan-cancer analysis, with schematics of the in silico
tests used to support the involvement of TDMD interactions in human tumors.

PhyloP scores calculated from multiple sequence align-
ments of 99 vertebrate genomes with the human genome
(hg19/GRCh37). In order to obtain a cumulative conser-
vation measure for each 3C pairing element, the single po-
sitional values of the PhyloP scores, representing —log;oP-
values under a null hypothesis of neutral evolution, were av-
eraged.

Pan-Cancer TCGA analysis

Target mMRNA and miRNA expression data. Normalized
Genomic Data Commons (GDC) harmonized RNA-seq
data [both mRNA and miRNA, FPKM (Fragments Per
Kilobase Million) and RPM (Reads Per Million) re-
spectively], of 23 selected TCGA solid primary tumor
types (BLCA, BRCA, CESC, COAD, ESCA, GBM,
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HNSC, KIRC, KIRP, LGG, LIHC, LUAD, LUSC, OV,
PAAD, PCPG, PRAD, READ, SARC, SKCM, STAD,
THCA, UCEC) were downloaded using the TCGAbiolinks
R/Bioconductor package (20). Data were Itered to exclude
studies with less than 100 samples and/or without avail-
able GISTIC2 copy number variation (CNV) data on the
GDAC rehose portal (http://gdac.broadinstitute.org). A
total of 21 datasets were retained for further analysis, in-
cluding 8572 patient samples.

miRNA expression data were retrieved using TCGA
biolinks and Loci-based isoform.quanti cation.txt les,
which report counts (both raw and normalized to RPM)
of every distinct SRNA-seq read observed. The level of ex-
pression of each mature miRNA was then calculated as the
sum of all isoforms corresponding to the same unique miR-
Base MIMAT identi er, which was then translated into a
miRBase V.21 name using the miRiadne tool (21).

Target:miRNA and target:activity correlations. The corre-
lation between TDMD target expression and miRNA ex-
pression was measured for all HC TDMD pairs in each can-
cer type using the Spearman correlation test (hereafter re-
ferred to as ‘miR_Expression Test’). In each tumor sample,
the activity of each miRNA of the human HC set was es-
timated with the ActMir algorithm (22), a computational
method based on the expression levels of both miRNAs and
their predicted target genes. Activity was measured using
the list of predicted conserved targets but excluding candi-
date TDMD transcripts. The correlation between miRNA
activity and the expression level of any of its predicted
TDMD-targets was evaluated using the Spearman correla-
tion test (hereafter referred to as ‘miR_Activity Test’). For
the Pan-cancer interactions we calculated also the correla-
tion between the TDMD target and the passenger strand of
the targeted miRNASs in each tumor type. A ‘Normalized
Spearman Correlation’ was then computed as (Rho.Guide
- Rho.Passenger). For passenger miRNAs with multiple ge-
nomic loci (e.g. miR-24-1-5p and miR-24-2-5p), the average
correlation was used.

CNV data analysis. For each selected TCGA cancer
dataset, GISTIC2 all_thresholded.by_genes.txt output data,
a gene-level table of discrete ampli cation and deletion in-
dicators for all samples, was downloaded from the GDAC

rehose web portal by using the RTCGA Toolbox pack-
age available in Bioconductor. Wild type samples (WT, ta-
ble value = 0) and samples bearing deletions (DEL, table
values = —1 or —2, possibly heterozygous and homozygous
deletions respectively) were selected from the GISTIC gene-
level table and used in the MDE CNV test. In the MDE
CNV test, signi cantly different miRNA expression levels
between WT and DEL groups were measured for each HC
TDMD pair, using a cut-off of FDR-adjusted P-value (g
value) < 0.05.

3 UTR alternative polyadenylation. The Cancer 3 UTR
Atlas (TC3A) portal (23) was used to detect differential
usage of 3 UTR alternative PolyA sites in TCGA samples
for all the targets in the HC set. In TC3A, 3 UTR usage
for each transcript is based on a two-PolyA model and the
fraction of reads attributed to each isoform is estimated by

calculating a Percentage of Distal PolyA site Usage Index
(PDUI). First, we evaluated whether each MDE was poten-
tially lost in the shorter 3 UTR variant. Then, we calculated
the fraction of patients with a potential loss of the MDE, in
each tumor type, as follows: [number of samples with >50%
of RNA-seq reads attributable to the shorter PolyA]/[total
number of samples where 3 UTR was modeled].

Data related to 3P-seq reads were retrieved from Tar-
getScan7.1. MDE inclusion rate was evaluated using the
clustered 3P-seq tags, which indicate the fraction of tran-
scripts including a speci ¢ segment of the 3 UTR [expressed
as affected isoform ratio, AIR, (24)]. The MDE was rst
attributed to a de ned 3 UTR segment, then the AIR (0-
100% scale) was used to classify the inclusion rate in classes.

TDMD nder

TDMD nder (http://213.82.215.117:9999/TDMD nder/
index.php) is a web tool consisting of a user interface
frontend implemented in Javascript/Ajax/CSS and a
computational backend implemented in PHP 5.5, R
3.3 and MySQL 5.5 for data storage. The user interface
allows to search and visualize results in a meaningful
way and to export results in standard formats, such as
Excel/csv for tables and PNG for plots. The computational
backend is designed to dynamically build SQL (Structured
Query Language) queries for data retrieval and to perform
statistical tests and draw plots using the analysis section.

Cell cultures and reagents

The Human cervical carcinoma HeLa cells (ECACC No.
96112022) were cultured in DMEM (Dulbecco’s modi ed
Eagle’s medium) supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin and 100 mg/ml streptomycin.
Cells were routinely checked for mycoplasma contamina-
tion and always tested negative.

TDMD-assay

In order to over-express the MDEs of putative TDMD
transcripts, MDE sequences and controls (scrambled se-
quences and mutant seed sequences) were sub-cloned into
the mammalian expression vector PCDNA 3.1, a gift from
Doug Golenbock (Addgene plasmid, 13031), in the 3UTR
of an EGFP reporter gene. Two additional controls were
designed for miR-106b and miR-26a, namely ‘Optimal
TDMD’ MDEs (ad hoc sequences pairing with all bases of
the miRNA sequence, except in position 9-10-11). HelLa
cells were transfected (Lipo3000, Thermo Scienti c) with
the PCDNA EGFP-MRE-X constructs in six-wells (400
000 cells/well) and cells were collected 72 h after transfec-
tion. The full list of constructs used in the paper is provided
in Supplementary Table S3.

Small RNA sequencing and data analysis

Total RNA was isolated with the miRNeasy Mini Kit (Qi-
agen). Small RNA sequencing (SRNA-seq) libraries were
prepared using 1000 ng of total RNA with the TruSeq Small
RNA Kit (Illumina), following the manufacturer’s instruc-
tions. Sequencing was performed on an Illumina Novaseq
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6000 (50 bp single-read mode at a 5 million read depth per
sample). Sequencing quality was checked in the FASTQC
report, and only experiments with Q30 or above were con-
sidered (Phred Quality Score). Raw data together with de-
tailed description of the procedures are available in the
GEO database (GSE168566). miRNA counting was per-
formed with the Isomirage tool (25): after counting, miRNA
reads were normalized based on the library size (reads-per-
million, using the sum of all mMiIRNA-matching reads). All
the analyses were performed on canonical and templated
miRNA reads, in order to exclude miRNA 3 isoforms,
which are typically modulated upon TDMD. Fold-change
results were plotted as a function of miRNA levels in con-
trol cells.

miRNA, pri-miRNA and mRNA RT-gPCR expression anal-
yses

Mature miRNAs were detected by RT-gPCR (5 ng of in-
put cDNA) performed with the miScript system (Qiagen).
miRNAs primary transcripts (pri-miRNASs) were evalu-
ated by quantitative PCR on total RNA. RT-qPCR of pri-
mMiRNAs (25ng of input cDNA) was performed using the
SuperScript® VILO cDNA Synthesis Kit (Life Technolo-
gies cat. no. 11754050) and the Fast SYBR green master
mix (Life Technologies). The Primer3 software was used to
design primer pairs preferentially in the 500 bp region up-
stream from the sequence of the mature miRNA. A list of
the RT-gPCR primers used in this study is provided in Sup-
plementary Table S5.

RESULTS

Strategy for the identi cation of TDMD pairs in human and
mouse transcriptome

We performed an integrative bioinformatics analysis on
miRNA:target pairs that was speci cally aimed at iden-
tifying TDMD interactions. We focused on the distinc-
tive structural features shared by all TDMD pairs (viral
and endogenous) so far reported (Figure 1A, B), which in-
cluded: (i) the length of the 3C pairing region, (ii) the size
of the central bulge and (iii) the miRNA:target hybridiza-
tion energy (minimal free energy, MFE). We implemented
a pipeline, based on a custom R function, to compute these
parameters for miRNA:target pairs and identify predicted
TDMD pairs at genome-wide level (Figure 1C). Brie v,
we performed pairwise sequence alignments between miR-
NAs and targets based on a seed-anchoring approach, us-
ing as input all transcripts reported in the TargetScan7.2
database (human and mouse). For each miRNA:target pair,
we then extracted structural information on its potential
TDMD-like structure by computing all the relevant quanti-
tative parameters of the bipartite duplex (seed-, 3C- pairing
and central bulge, altogether forming the ‘miRNA Degra-
dation Element’ or MDE, Figure 1A). More than 10 mil-
lions miRNA:target pairs were analyzed for each of the two
genomes (Figure 1C — ‘TDMD nder Pipeline’). Data are
available online on the TDMD nder webtool (http://213.
82.215.117:9999/TDMD nder/index.php), where users can
freely explore and query the full dataset to make customized
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TDMD predictions starting from any of the available tran-
scripts and/or microRNASs (see Supplemental Material).

Criteria used in predicting TDMD pairs

With the aim of compiling a list of potential TDMD in-
teractions, we leveraged previous studies (9,13,14,16) and
selected the optimal criteria to obtain ‘Predicted TDMD
pairs’ (Figure 1D), as: (i) the presence of a 3C pairing re-
gion including at least seven consecutive bases and tolerat-
ing only a minimal proportion of G:U wobbles (‘3C type’
as shown in Figure 1A; see Materials and Methods for G:U

Itering criteria), (ii) the presence of a bulge from 2to 8 ntin
size and (iii) an miRNA:target hybridization energy at least
0.7 times greater than that of a theoretically perfect TDMD
duplex (MFE ratio = 0.7) (Supplementary Figure S1A, B;
see Materials and Methods for ‘MFE ratio’ de nition). This
last requirement was added in order to exclude any ener-
getically unstable pair generated by the alignment process.
To verify our predictions, we performed the thorough ex-
perimental tests described in the following paragraphs (‘Ex-
perimental Validation’ — details are in Figure 3—-6). We used
the validation results to de ne more stringent criteria that
would lead to the isolation of a set of ‘High Con dence
TDMD pairs’, hereafter named as ‘HC set’ (Figure 1D). Fi-
nally, we exploited large TCGA datasets to further investi-
gate HC TDMD pairs in the context of human cancer and

nd evidence of their possible relevance at endogenous lev-
els (Figure 1E, ‘Pan-Cancer Analysis’ — details are in Fig-
ures 7 and 8). Data from the Pan-Cancer Analysis on all
the HC pairs are also available in the TDMD nder online
tool, with tables, graphical outputs and statistics (see Sup-
plemental Material).

Features of the predicted TDMD pairs

Overall, both in human and in mouse, the Predicted TDMD
pairs represent 0.8% of all the interactions found, with a
total of 2,000 conserved (CS) and over 100,000 non con-
served (nCS) interactions. Of the criteria used to select for
TDMD, the MFE ratio and, in particular, the 3C consec-
utive pairing type resulted to be the more stringent (Fig-
ure 2A-D). In the case of the conserved human targets,
19% of pairs showed a MFE ratio >0.7, while only 2.9%
of pairs met the 3C consecutive match requirement (Fig-
ure 2A, B). Although TDMDs were selected regardless of
what type of match their seed regions formed, predicted
TDMDs were slightly enriched for 8mer and 7mer-m8 types
and depleted for 7mer-1A (Figure 2D). In both the human
and the mouse predicted set, the most represented ( 25%
of the predicted pairs) 3C type had at least seven consecu-
tive bases with no G:U (n7) (Figure 2E, F). We annotated
experimentally validated direct interactions either reported
in the Human TarBase (26) or obtained from intramolec-
ular ligation-based approaches, namely CLEAR-SEQ and
CLASH (27,28). Overall, >20% of the predicted TDMDs
corresponded to validated interactions (Figure 2G) and the
overlap with each of the three validated datasets was signif-
icantly enriched (Figure 2H).
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Figure 2. Features of genes and miRNAs involved in predicted endogenous TDMD. (A-D) Bar plots showing the distribution, across all human conserved
TargetScan predictions (ALL), the Predicted and the HC TDMD pairs, of the TDMD pair features TDMD nder predictions were based on: (A) MFE
ratio class, (B) 3C type, (C) bulge size, (D) seed type. (E, F) Number of Predicted-TDMD pairs identi ed in the conserved (CS) and non-conserved (NCS)
target groups, strati ed according to their 3C-type and MFE ratio class. (G) Human Conserved Predicted TDMDs were strati ed according to their target
validation status (according to TarBase or assessed by CLEAR-SEQ or CLASH approaches); (H) The frequency of the validated targets (as in G) was
calculated in the TargetScan database (ALL) and in the Predicted and High Con dence (HC) TDMD pairs sets. P-values by Chi-test. (I) Phylogenetic
Conservation of Predicted TDMDs as measured by PhyloP scores (average conservation over the whole 3C pairing region).

Phylogenetic conservation of the 3C pairing regions

Phylogenetic conservation is a key feature of biologically
functional miRNA target sites, and it is usually limited
to the seed pairing region (1). We noticed that in previ-
ously identi ed endogenous TDMD [such as Serpinel and
Nrep, (13,14)], also the 3C pairing regions were signi -
cantly conserved at phylogenetic level (Supplementary Fig-
ure S1C). Hence, a phylogenetic conservation analysis was
performed on all predicted TDMD alignments. As a whole,
the 3C pairing regions in the MDEs of both Predicted and
HC TDMDs were only slightly more phylogenetically con-
served when compared to canonical MREs (Supplementary
Figure S1D). When a score was individually assigned to
predicted MDEs, a number of them (829/2069, 40%) dis-
played signi cant phylogenetic conservation (PhyloScore
=2, which corresponds to P-value <0.01 in —log;o scale),
possibly hinting at some sort of selective pressure (Figure 21
and Supplementary Table S1). Phylogenetically Conserved
predicted TDMDs are also annotated in the TDMD nder
online tool.

Features of the miRNAs predicted to be involved in TDMD

Human Predicted TDMD pairs comprised a total of 1457
different TDMD-genes (i.e. 11.8% of the genes with at least
one conserved MRE) and 324 different miRNAs (87.6%
of the 370 miRNAs with at least one CS target). Thus,
most miRNAs are possibly susceptible to degradation by
TDMD, while a relatively small set of genes is potentially
able to regulate miRNA stability. On average, each miRNA
showed ve CS Predicted MDEs and 36 NCS Predicted
MDEs (Supplementary Figure S2A). A correlation analysis
was performed to compare the number of canonical vs pre-
dicted TDMD pairs. For most miRNAs, a positive correla-
tion was observed between the number of conserved MREs
(canonical targets, predicted by TargetScan) and that of
MDEs (TDMD targets, predicted by TDMD nder) (R =
0.50, Supplementary Figure S2B). For some of the miRNA
families, such as miR-15, miR-17, miR-302, miR-28, known
to comprise multiple members and/or to have a complex
genomic organization, the number of conserved predicted
TDMD pairs was larger (Supplementary Figure S2B). As
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for the non-conserved TDMD interactions, they were found
to be unusually over-represented in the miR-17 family (Sup-
plementary Figure S2C, D).

Features of the genes predicted to be involved in TDMD

The genes predicted to establish TDMD interactions
(TDMD-genes) showed some peculiar features. In compar-
ison to canonical target genes, they had signi cantly longer
3 UTRs and considerably more MREs, which were also
at a higher density (Supplementary Figure S3A). Within
the 3 UTRs, MREs and MDEs were found to be similarly
positioned (Supplementary Figure S3B) and to have com-
parable rates of inclusion in alternative transcript isoforms
(Supplementary Figure S3C). As for their biological func-
tions, TDMD-genes were enriched for (i) ontologies related
to development, with neuronal functions particularly over-
represented and (ii) pathways and upstream regulators that
are frequently altered in human cancer, such as estrogen,
P53, WNT and TGF-beta signaling (Supplementary Figure
S4A-C and Table S2). Tissue-speci ¢ expression analysis re-
vealed that most TDMD-genes were expressed in multiple
tissues, but a subset of them (99 genes) resulted highly spe-
ci ¢ for the brain (Supplementary Figure S4D). This result
might suggest higher propensity for TDMD to occur in the
brain, the tissue where this mechanism was originally de-
scribed as being particularly active (9).

Strategy for the experimental validation of the predicted
TDMD pairs

In order to experimentally verify the accuracy of the TD-
MD nder predictions, some of the TDMD targets pre-
dicted by our pipeline were selected and used in an assay
(henceforth named ‘TDMD assay)’ that veri es their abil-
ity to promote the degradation of the cognate miRNAs
(9,13,14,16). Candidates were picked based on the follow-
ing criteria: (i) the targeted miRNA family should be, ac-
cording to a broad literature, biologically relevant; (ii) the
expression level of the miRNA should be above detection
limit in the cell line used for the assay (i.e. HeLa), iii) the
seed matching region should be phylogenetically conserved.
A subset of seven pairs was additionally included because
an analysis presented below (see Figures 7 and 8) suggested
that they could be cancer relevant. As a positive control,
we used the Serpinel:30c interaction, previously identi ed
in mouse broblasts (9,13,14,16). In total, 39 TDMD pre-
dicted interactions, corresponding to 25 different TDMD-
genes and nine miRNA families were considered (Figure 3A
and Supplementary Table S3).

Usually, the occurrence of TDMD can be directly veri ed
by overexpressing the MDE of interest and using appropri-
ate mutants designed to prove that the effect under observa-
tion is speci ¢ (9,13,14,16,29). Hence, a ‘TDMD assay’ was
set up, in which a GFP reporter plasmid, containing in its
3 UTR the MDE of the predicted TDMD transcript of in-
terest, was ectopically over-expressed in Hela cells at high
transfection ef ciency (>90%) (Figure 3B, C). To check if
the effect was speci c, the following negative controls were
used: (i) an empty GFP vector (CTRL_GFP) and (ii) a GFP
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vector encoding either a scramble sequence (SCR) or a mu-
tant form of the MDE of interest, obtained by deleting the
3C pairing region while leaving the seed pairing sequence
(SEED) intact. The expression level of the target miRNA
was measured by either RT-gPCR o small RNA sequenc-
ing (SRNA-seq). As predicted, expression of the positive
control, i.e. the MDE of SERPINEL, signi cantly reduced
the levels of both its targets, i.e. miR-30c and 30b (Fig-
ure 3D-F). sSRNA-seq was employed to further verify spe-
ci crepression effects on predicted miRNA(s) and monitor
the expression levels of guide and passenger strands (Fig-
ure 3F, G). It is known that changes in the expression lev-
els of guide and passenger strands generated from the same
mMiRNA precursor molecule are very highly correlated. By
acting post-transcriptionally and speci cally targeting only
one of them, TDMD is predicted to uncouple the expres-
sion of these two miRNA strands, as con rmed both when
using the positive control SERPINEL and when employ-
ing two arti cial ‘optimal TDMDs’ (Figure 3G and Supple-
mentary Figure S5A, B). In conclusion, these data demon-
strate that the “TDMD assay’ is an effective strategy for test-
ing TDMD nder predictions.

Validation of the predicted TDMD pairs

In our TDMD assay, using either RT-gPCR or sRNA-
seq, we observed a signi cant reduction in the levels of
the predicted guide miRNA in 20 of the 37 tested pairs
(54.1%, Figure 4 and Supplementary Table S3). Six distinct
mMiRNA families were shown to be responsive to TDMD:
(i) miR-30, already known to be regulated by TDMD
(GIGYF1:30c, Figure 4A, B) and ve families, (ii) miR-
221 (CRKL:221, BCL2L11:221, Figure 4C, D), (iii) miR-
17 (IQSECL1:20a/106b, ZFYVE26:106b, MAP3K9:106b,
ACPL2:17 Figure 4E, F), (iv) miR-19 (RAB21:19a/b,
PTEN:19b, TMEM196:19a/b, Figure 4G, H), (v) miR-26
(HGF:26b, Figure 41, J) and (vi) miR-23 (CBORF58:23a/b,
Figure 4K, L), whose susceptibility to endogenous TDMD
was observed here for the rst time. Three other fami-
lies (MiR-196 miR-148, miR-301) were tested, but their
predicted MDEs did not induce signi cant effects (Sup-
plementary Figure S5C, D). As already discussed in the
case of SERPINE1:miR-30, we accepted as experimentally
validated only those MDEs that selectively affected the
guide but not the passenger miRNA. In most cases (17/20),
SRNA-seq analysis clearly showed negligible differences in
the levels of the passenger miRNAs, while for three pairs
(REEP4:26b, ACPL2:20a and ZFYVE26:20a) repression
of the passenger strand was signi cant (Figure 4B, D, F,
J, L). To further check that the decrease in miRNA levels
was due to a post-transcriptional mechanism, we measured
the levels of primary transcripts (pri-miRs) for two of the
targeted miRNA families (miR-30s and miR-19s — Supple-
mentary Figure S5E, F). In both instances, the pri-miRs
expression levels could not explain the observed change in
MiRNA levels. We can, therefore, conclude that in total 17
of the 37 tested pairs (among which 4 of the 7 pairs taken
from those potentially cancer relevant) and 13 of the 24
tested MDEs are capable of TDMD (Supplementary Table
S3).
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Figure 3. Strategy for the validation of predicted TDMD pairs: the TDMD-Assay. (A) List of the predicted TDMD pairs that were experimentally validated.
Each miRNA degradation element (MDE) is represented by a single square. MDEs that target the same miRNA family are grouped together. Inscribed in
each square is the total number of interactions. Colored squared indicate that at least one of the corresponding TDMD interactions has been successfully
validated. (B) Schematics of the TDMD-assay. For each candidate transcript, a region ( 100 bp or 400 bp long, depending on the construct) containing
the predicted MDE was cloned into a GFP vector and transiently over-expressed in HeL a cells. (C) Expression levels of the different constructs are reported
as ratios to the housekeeping gene RPLPO expression level. (D) TDMD nder predictions for SERPINEL1 transcript and miR-30 family. Alignment and
features are reported as in the online tool. (E-G) TDMD assays performed on SERPINE1 MDE. (E) Results by RT-gPCR. Mature miRNAs levels are
shown as mean values with s.e.m. calculated on different biological replicates (indicated as N), normalized over CTRL_GFP. An unrelated miRNA, Let-7d,
was also measured. SNORD72 was used as housekeeping gene. (n.a., not assayed). P-values were calculated by Dunnet’s t-Test, using the SCR/SEED
group as reference. (F) Results by small RNA sequencing (SRNA-seq). On the left, the scatter plot shows the fold changes (MDE vs CTRL, y axis) over
the expression levels (reads per million, x-axis) of all the detected miRNAs. N, number of replicates. The members of the targeted miR-family (guide and
passenger miRNASs) are highlighted and colored. On the right, the volcano plot highlights those miRNAs that are regulated in a statistically signi cant
manner (P-values by Student’s t-test <0.05 and log, FC >|0.5|). SERPINE1:30b is also highlighted, as it was predicted by TDMD nder, close to signi cance
in the SRNA-seq (P-value = 0.08) and validated by RT-gPCR in independent samples (see E). (G) Mature miRNAs levels for each individual member of
the miR-30 family (with guide and passenger miRs) as measured by sRNA-seq (N, number of replicates).

Identi cation of High-Con dence TDMD pairs PINE1 (miR-30c), MAP3K9 and ZFYVE26 (miR-106b),
RAB21 (miR-19a/b), BCL2L11 and CRKL (miR-221),
and C8orf58 (miR-23a/b). We used contingency analysis to
correlate TDMD net effects with predicted TDMD pairs
features and observed that stronger effects were signi -
cantly associated with MDEs characterized by extensive
3C pairings (n7), high binding energy (MFE ratio =0.8)
and bulges >4 nt in size (Figure 5B). No signi cant asso-
ciation was found with other features, such as the level of
phylogenetic conservation, the number of matches at the
miRNA 3 end (last four nts), or with whether or not the

In order to isolate the MDEs responsible for the strongest
TDMD effects, we used what we called the ‘TDMD net
effect’ to correct for any transcriptional effect that the as-
say might have introduced. For each miRNA, the “TDMD
net effect’ was calculated as the ratio between the reduc-
tion in the expression of the guide strand over the pas-
senger strand. Eight MDEs (corresponding to 10 differ-
ent interactions) displayed a strong TDMD net effect (-0.5
log, normalized decrease; Figure 5A): GIGYF1 and SER-
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Figure 4. Experimental validation of predicted TDMD pairs. (A-L) Results of TDMD assays grouped by miRNA family. The plots (A, C, E, G, I, K) show
mature miRNAs levels measured by RT-gPCR and normalized over CTRL_GFP, as in Figure 3E. P-values were calculated by Dunnet’s t-Test, using the
SCR/SEED group as reference. The plots (B, D, F, H, J, L) show mature miRNAs levels for the entire miRNA family (with guide and passenger miRs)
measured by small RNA sequencing and normalized over CTRL_GFP (N, number of replicates). Above each bar graph, predicted pairs are reported
(gene_miRNA/s, in red if the prediction was con rmed).
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Figure 5. Features associated to experimentally validated TDMD. (A) The table and pie charts summarize validation results by SRNA-seq. reported is
the ‘TDMD net effect’, normalizing the log, fold change (MDE versus CTRL) of the guide strand over the corresponding effect on the passenger strand.
(B) Contingency analysis, correlating the different “TDMD net effect’ classes with the main features related to TDMD predictions. P-values by Chi-test.
(C) Box plots of the TDMD net effects, with TDMD pairs grouped according to their MFE ratio (left) or 3C-type (right). P-values and Chi-square by
Wilcoxon test. (D) List of the criteria used in classifying human and mouse TDMD pairs as High-Con dence.

miRNA:target interaction of interest had been experimen-
tally veri ed (according to Tarbase) (Figure 5B). However,
a positive trend was found in all of the above cases. Of note,
all the strongest interactions belonged to either the n7 or
the n6+ 3C type and had a MFE ratio of at least 0.8 (Fig-
ure 5C), thus prompting us to group them together into a
‘High Con dence TDMD'’ subset (HC TDMD), including
miRNA:target pairs with the highest probability of being
actual TDMD interactions. The HC set includes  0.2% of
all interactions, with 606 and 521 CS pairs in human and
mouse, respectively. About 29% of the Human Predicted
TDMD set are found also in the HC set. HC TDMD pairs
have been annotated in the TDMD nder tool.

TDMD nder predicts selective TDMD effects for miRNA
families

We used the sRNA-seq data to evaluate if TDMD nder
could selectively predict the effect of different MDEs on
miRNA families (Figure 6 and Supplementary Figure S6).
MiRNAs having the same seed sequence are organized into
families of miRNAs and associated with similar sets of
canonical targets. However, as their 3 ends differ from each
other, mMiRNAs from the same family are theoretically sus-

ceptible to post-transcriptional regulation by different sets
of MDEs. For instance, TDMD nder predicts that the dif-
ferent members of the miR-30 family have various degrees
of susceptibility to TDMD, due to the different pairing con-
formations they adopt when binding their targets (Figure
3D and Figure 6A). sSRNA-seq data from the TDMD as-
say con rmed that validated miR-30 TDMD targets (SER-
PINEL, GIGYF1)signi cantly changed the expression lev-
els of only a few miRNAs and displayed a clear speci city.
In particular, SERPINEL repressed both 30b and 30c (Fig-
ure 3F) while GIGYFL1 had effect only on 30c (Figure 6B).
In the case of mMiRNAs of the miR-221 and miR-26 fami-
lies, TDMD nder also predicted different susceptibility to
TDMD as the result of a very different type of 3C pairing
and a different energetic stability (Figure 6C, E). Accord-
ingly, CRKL1 discriminated between miR-221 and miR-
222 (Figure 6D) and HGF distinguished miR-26b from
miR-26a (Figure 6F). Conversely, BCL2L11, which had
been predicted to target only miR-221 (Figure 6C), could
signi cantly repress miR-222 too (Figure 6D). Of note, a
different alignment with a 3C pairing made up of six con-
secutive nucleotides at the miRNA 3 end, is also possible
and might explain this effect (Figure 6C). The miRNAs be-
longing to each of the remaining families (miR-17, miR-19
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