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Abstract 
 

MiRNAs are a class of small non-coding RNAs that function in post-transcriptional gene 

silencing by interacting with target RNAs. A novel mechanism in control of miRNA levels, 

called Target-Directed miRNA degradation (TDMD), has been described, which involves 

specific transcripts able to interact with miRNAs and induce miRNA degradation. We 

showed that an endogenous RNA transcript, Serpine1, uses TDMD to control levels and 

activity of miR:30b/c in murine fibroblasts. It is unknown how many other TDMD 

transcripts exist; therefore, we developed TDMDfinder, a computational pipeline and free 

webtool, that identifies “high confidence” TDMD interactions in the Human and Mouse 

transcriptomes by combining sequence alignment and feature selection approaches. Our 

predictions 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-qPCR and small RNA sequencing, linking the 

miR-17, miR-19, miR-30, miR-221, miR-26 and miR-23 families to novel endogenous 

TDMD triggers. Computational analyses performed using the multiomic TCGA platform 

substantiated the possible involvement of many TDMD transcripts in human cancer and 

highlighted 36 highly significant pan-cancer interactions, suggesting TDMD as a new 

potential oncogenic mechanism. Focusing on the SERPINE1:miR30b/c pair as a model, we 

applied molecular and genetic approaches to manipulate TDMD and investigate the effects 

afforded by miRNA degradation in breast cancer. Our results suggested that TDMD is used 

by breast cancer cells to keep low miRNA activity and provide a selective advantage in 

various cancer phenotypes. In order to identify all TDMD-regulated miRNAs in breast 

cancer, we inhibited the TDMD mechanism by knocking down a critical player of the 

pathway, the ZSWIM8 culling-RING ubiquitin ligase substrate adapter. We repressed 

ZSWIM8 by CRISPR interference in a set of 8 different breast cancer (BC) cell lines, 

representing the entire spectrum of BC subtypes. Our analyses showed that loss of ZSWIM8 

caused significantly increased accumulation of 31 miRNAs, without any evidence of 

transcriptional regulation, thus expanding the role of endogenous TDMD in sculpting 

miRNA levels. Finally, to identify the TDMD triggers in BC, we designed a strategy based 

on the combined use of TDMDfinder predictions and experimental CRISPR-based tools. We 

performed a proof-of-concept validation of the approach by identifying the endogenous 

TDMD trigger (NREP) for miR-29b-3p in SUM159PT and BT549, proving that this can be 

an effective strategy to quickly identify TDMD substrates and triggers. 
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1. Introduction  
 

1.1 MicroRNAs 
 

1.1.1 MicroRNA biogenesis 

MicroRNAs (miRNAs) are a class of small non-coding RNAs that act in post-transcriptional 

regulation of gene expression (Akiyoshi S. et al., 2001, Bartel, 2009). They have 

evolutionary conserved sequences about 18-25 nt long, which function at post-

transcriptional level as guide molecules in RNA silencing through different mechanisms, 

including target degradation and protein synthesis inhibition (Eulalio et al. 2008; Bartel et 

al., 2018; Jonas and Izaurralde 2015).  

MiRNAs have been initially discovered in invertebrate organisms. In particular, Lee et al. 

(1993) identified noncoding RNAs (ncRNAs), lin-4 and let-7, required for the proper timing 

of C. elegans development. Subsequently, hundreds of other short RNAs, characterized by 

highly conserved sequences, were found in worms, flies, plants and mammals, and they were 

called microRNAs (miRNAs) (Pasquinelli et al., 2000; Lagos-Quintana et al., 2001; Lau et 

al., 2001; Lee and Ambros, 2001). 

MiRNA genes are located all over the genome, both in intergenic and intragenic regions. 

“Intragenic miRNAs” can be encoded from intron or exon sequences of coding and non-

coding genes, while "intergenic miRNAs" can be found in genome areas that are far from 

transcribed genes (Figure 1). Furthermore, miRNA genes could be arranged in the genome 

as independent transcriptional units or in close proximity to other miRNAs creating a 

multicistronic primary transcript (Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and 

Ambros, V., 2001; Ha and Kim 2014). In this case, the transcript consists of multiple hairpins 

and is processed to generate more miRNAs that are clustered together.  
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Figure 1. Genomic locations of miRNAs. MiRNA genes are organized as single units or in 
clusters, and are located in intergenic or intragenic genome regions, including intronic and 
exonic sequences (Figure from Role of non-coding in Cystic Fibrosis, Chapter 12 Varilh et 
al, book edited by Dennis Wat, 2015). 

 

The transcription process is coordinated by different transcription factors (i.e. Myc, ZEB1 

and ZEB2, MYOD1, p53) that modulate gene expression (Chang et al. 2008; Kim et al. 

2009). Also, histone modifications and DNA methylation can regulate the transcription 

factors recruitment thus promoting or inhibiting miRNA transcription (Davis-Dusenbery 

and Hata, 2010).  

MiRNAs are transcribed by RNA polymerase II (Pol II) which recognizes a promoter 

region and generates primary transcripts, called pri-miRNAs (Cai et al., 2004; Lee et al., 

2004, 2002). These precursors (typically 1kb long) are characterized by a capped single-

stranded RNA portion at its 5’ followed by a stem and loop region (33-35 nt of length) and 

a poly-A tail at its 3’ end (Ha and Kim, 2014). 

Subsequently, each pri-miRNA is processed in the nucleus by Microprocessor, a 364 KDa 

heterotrimeric complex composed by three proteins: two molecules of the RNA binding 

protein DiGeorge Syndrome Critical Region 8 (DGCR8) and a ribonuclease III enzyme 

called Drosha (Denli et al., 2004) (Figure 2). In particular, the stem and loop region of the 

pri-miRNA is recognized by the Microprocessor complex and this allows the cleavage of 

the primary transcript by the two RNase III domains of Drosha that cut each strand of the 

stem with a 2 bp offset, and generate a ~60 nt stem-loop called pre-miRNA (Lee et al., 

2003). Interestingly, sometimes the Microprocessor complex can trigger the termination of 

the transcription and this anticipates the 3’ end maturation generating transcript without a 
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poly-A tail (Ballarino et al., 2009). 

Microprocessor activity is highly conserved among animal species, and both Drosha and 

DGCR8 are essential miRNA biogenesis. In fact, the knockout of these genes results in 

mouse lethality during embryogenesis (Ha and Kim, 2014). 

 
Figure 2. Model of Microprocessor. DGCR8 recognizes an apical UGU motif in Pri-
miRNAs which are bound then by Drosha and DGCR8 (Figure from Nguyen et al., 2015). 

 

After this first processing step, the pre-miRNA is exported to the cytoplasm thanks to the 

formation of a ternary complex with Exportin 5 (XPO5) and Ran-GTP, which diffuses 

through a nuclear pore. XPO5 seems to protect the pre-miRNA from the nuclease activity of 

cellular RNases (Yi et al., 2003), while the GTP hydrolysis of Ran-GTP causes 

conformational changes that releases the pre-miRNA into the cytoplasm. (Bohnsack et al., 

2004; Lund et al., 2004). Here, a 200 kDa endonuclease with two RNase III domains, Dicer, 

cuts both strands near the loop to generate a small miRNA duplex with unmatched ends (2 

nt 3’ overhang), containing the miRNA paired to its passenger strand (Grishok et al., 2001; 

Hutvágner et al., 2001) (Figure 3). 
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Figure 3. Schematic representation of miRNA biogenesis and function. The canonical 
pathway of miRNA biogenesis begins with the transcription of a pri-miRNA which is 
processed by the Microprocessor complex. After exiting the nucleus, a second processing 
step takes place by Dicer, before the formation of the silencing complex together with the 
AGO protein. (Figure from Bartel, 2018). 

 

Recently, “non-canonical” miRNAs, with an alternative biogenesis pathway, have been 

discovered (Bartel, 2018) (Figure 4). In particular, some intronic primary miRNA 

transcripts, called “mirtrons”, are processed by the spliceosome which debranches pre-

miRNA hairpins (Okamura et al., 2007; Ruby et al., 2007) (Figure 4B). Moreover, also 

endogenous short-hairpin RNAs (shRNAs) and chimeric hairpins have a Drosha-

independent processing, bypassing the Microprocessor complex (Andersson et al., 2005; 

Babiarz et al., 2008; Bellutti et al., 2015) (Figure 4C, Figure 4D). Conversely, it has been 

observed that miR-451 undergoes to Microprocessor-mediated cleavage bypassing Dicer 

processing (Bartel, 2018) (Figure 4E). 
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Figure 4. Canonical and non-canonical miRNA biogenesis pathways. In addition to the 
canonical pathway (A), miRNAs can follow alternative biogenesis. Mirtrons (B), 
endogenous shRNAs (C) and chimeric hairpins (D) are processed bypassing 
Microprocessor. The biogenesis of miR-451 (E) is an exception as Dicer is bypassed (Figure 
from Bartel, 2018). 

 

The Microprocessor activity is regulated by post-translational modifications (PTMs) that 

consequently miRNA processing  (Treiber et al., 2019). The complex is extensively 

methylated most at the level of arginine residues and this event regulates microRNA 

biogenesis (Spadotto et al., 2020). In humans, the Dicer action can be modulated by the TAR 

RNA-binding protein (TRBP), a cofactor which regulates the processing efficiency, tuning 

the length of mature miRNAs (Ha and Kim, 2014). 

Once formed, the duplex is loaded into an Argonaute (AGO) protein to form the pre-RNA-

induced silencing complex (pre-miRISC) (Figure 5). The loading process requires ATP and 

the intervention of molecular chaperones (HSC70/HSP90) (Yoda et al., 2010), that mediate 

AGO conformational opening and the binding of the dsRNA (Iwasaki et al. 2010). Four 

AGO proteins are known in humans (AGO1-4) and they can bind indistinguishably all 

human miRNAs (Dueck et al. 2012), As shown in Figure 5, AGO proteins are characterized 

by a bilobar structure formed by different domains. One lobe contains the MID-PIWI 

domains involved in the binding of the guide strand. The PIWI domain has also a cleavage 

site important for the slicing activity. The second lobe contains the PAZ domain which 
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functions as a pocket for the recognition and binding of the 3’complementary site of the 

miRNA to targets (Kim et al. 2009; Elkayam et al. 2012). 

 
Figure 5. AGO protein structure. The two lobes formed by the MID-PIWI and N-PAZ 
domains can be observed (Figure from Elkayam et al., 2012). 

 

After the duplex binding has occurred, one of the two strands (passenger strand) is usually 

released and quickly degraded, while the other will become the final miRNA (guide strand). 

Probably, the unwinding of the passenger strand is due to the falling of AGO tension during 

the protein conformational opening (O’Brien et al., 2018). 

The choice on which strand will be eliminated and which one will be kept depends on how 

the duplex bond to the AGO occurs. In particular, it depends on thermodynamic stability of 

the two ends of the dsRNA. In fact, AGO protein has a pocket that binds the duplex with a 

preferred orientation. Specifically, the pocket binds either a 5’-terminal pU or pA of the 

guide strand (Frank et al., 2010; Suzuki et al., 2015) or a 5’-nucleoside monophosphate of 

the strand with a lower 5’ stability (Khvorova et al., 2003; Schwarz et al., 2003).  

The activity of AGO proteins is subjected to a fine regulation. Specifically, hydroxylation 

enhances AGO2 stability and promotes its localization in the processing bodies (p-bodies), 
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which are distinct foci in the cytoplasm where enzymes involved in mRNA turnover are 

located. (Ha and Kim, 2014). 

Another post-translational modification that AGO can undergo is phosphorylation that can 

be carried out by different proteins such as MAPKAPK2 and AKT3. In the first case, 

MAPKAPK2 leads AGO localization to p-bodies, while the phosphorylation by AKT3 

stimulates translational repression activity. 

Conversely, the phosphorylation of Tyr393 upon hypoxia causes Dicer dissociation from the 

RISC complex and the pre-miRNAs processing inhibition. AGO activity can be also 

inhibited due to cellular stress or viral infection. AGO stability is enhanced by miRNA 

loading. In fact, AGO is more suitable to proteasome degradation when its pocket is empty 

(Ha and Kim, 2014). 

The miRNA loaded into AGO generates an effector complex called RNA-induced silencing 

complex (RISC) which promote mRNA repression at post-transcriptional level (Hammond 

et al., 2001; Mourelatos et al., 2002). 

 

1.1.2 MicroRNA mechanism of action 

Once the RISC complex is constituted, the target RNAs can be recognized thanks to a pairing 

of their sequence with sequence of the miRNA loaded on AGO (Figure 6). Precisely, the 

target recognition sequence is called "miRNA responsive elements" (MREs), and is 

generally located at the 3'-UTR. MRE consists in a region of 6 nucleotides complementary 

to the miRNA seed sequence, which includes miRNA nucleotides 2-7 (Figure 6A).  

In some cases, atypical canonical sites, consisting in a supplementary pairing of the miRNA 

3’-region involving nucleotides 13-16, can take place (Grimson et al., 2007; Wee et al., 2012; 

Salomon et al., 2015) (Figure 6B). 

Similarly, also non-canonical sites have been highlighted. These sites have incomplete 

pairing to the seed region and extensive pairing to the 3’ of the miRNA at nucleotides 13-

16. (Bartel, 2009) (Figure 6C). 

The complementarity between miRNAs and RNA targets is limited, so a very high number 

of RNAs could interact with a single miRNA. 
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Figure 6. MicroRNA Target Sites. MiRNAs bind target through seed interaction. Different 
types of interaction are possible, based on the presence of canonical (A), atypical canonical 
(B) and noncanonical (C) sites (Figure from Bartel, 2018). 

 
After the recognition between the target RNA and the miRNA, the transcript repression 

process can take place in two alternative ways. 

In the first way, if the pairing between miRNA and its target is extensive, the miRNA carries 

on the slicing process by AGO (Hutwagner et al., 2002; Yekta et al., 2004). This mechanism 

is common in plants (Jones-Rhoades et al., 2006), while in humans and other mammals it 

has only been observed for 20 cellular transcripts (Davis et al., 2005; Shin et al., 2010), a 

circular RNA (Hansen et al., 2011) and a few viral mRNAs (Sullivan et al., 2005; Barth et 

al., 2008). 

The second method of repression, typical of humans and many animals, causes mRNA 

destabilization and translational repression, without mRNA cleavage, and does not require a 

complete pairing miRNA-target (Carthew and Sontheimer, 2009) (Figure 7). To take place, 

AGO recruits the adapter protein TNRC6, which interacts with the poly(A)-binding protein 

PABPC associated with the mRNA poly (A) tail. This interaction leads to the recruitment of 

the PAN2 – PAN3 and CCR4 – NOT complexes (Jonas and Izaurralde, 2015), two 
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deadenylases that shorten the poly (A) tail causing destabilization of the mRNA with 

decapping and 5´-to-3´ exonucleolytic decay (Chen and Shyu, 2011). 

Furthermore, CCR4 – NOT inhibits translation recruiting DDX6, a helicase that binds the 

decapping complex and interacts with eIF4E transporter (4E-T) which enhances both the 

decay and translational repression of miRNA targets (Kamenska et al., 2014, 2016; 

Nishimura et al., 2015). 

 

 
 

Figure 7. The silencing complex. The main mechanism of mRNA repression by miRNAs 
requires the interaction of different proteins in order to cause mRNA decay (Figure from 
Bartel, 2018). 

 

1.2 MiRNA degradation 
 

Cellular levels of miRNA are the result of a balance between biogenesis and decay processes. 

The latter mechanisms are certainly less known than the biosynthetic ones. 

Several approaches have been used to study miRNA decay. In particular, it is possible to 

block the enzymes involved in the processing of miRNAs. For example, after knock-down 

of the DICER1 gene, the pre-miRNAs no longer undergo the maturation process and it is 

possible to evaluate how the levels of pre-existing miRNAs vary over time. Using this 

approach, Gantier et al. (2011) calculated that miRNAs have a mean half-life of 5 days, with 

a range from 4 to 9 days for most miRNAs. 

Another approach uses actinomycin-D, a molecule that binds to DNA in the transcription 

initiation complex, preventing RNA elongation and inhibiting transcription (Sobell 1985). 

In this way, it is possible to calculate the decay rates of miRNAs present using different 

techniques. Bail et al. (2010) measured miRNA levels using microarrays and found that most 

miRNAs have a long half-life. Similarly, Guo et al. (2015) used RNA sequencing and 
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confirmed that miRNAs decay slowly. However, they also observed the presence of a subset 

of miRNAs, mostly containing passenger strands, with high turnover. 

So, most miRNAs are very stable and have a long half-life in the cell probably thanks to 

AGO proteins, which hide both 5’ and 3’ ends of miRNAs from the degradation by cellular 

RNases. 

However, it has recently been shown that not all miRNAs exhibit remarkable stability and 

their turnover can rapidly increase based on cellular context, with short half-lives ranging 

from <2 h to 10 h (Marzi et al., 2016; Kingston and Bartel, 2019; Reichholf et al., 2019). 

Krol et al. (2010) observed in neural cells that some miRNAs show highly variable stability 

with low half-lives. Rissland et al. (2011) observed similar results in Schizosaccharomyces 

pombe pointing out also how some miRNAs can respond rapidly to transcriptional changes. 

In particular, Hwang et al., (2007) demonstrated how the expression of different miRNAs is 

regulated through the cell cycle. For example, miR-29b exhibits higher levels and a longer 

half-life in mitotically arrested cells, unlike in cycling cells, where miRNA levels are lower. 

Obviously, miRNA levels are generally reduced after cell division as the miRNA pool is 

split between the two newly born cells (Marzi et al., 2016). 

Furthermore, it has been observed that growth factors and serum can downregulate miRNA 

levels (Avraham et al., 2010; Zhu et al., 2012). 

Another particular mechanism of regulation of miRNA levels occurs through the “miRNA 

sponges” represented by circular RNAs (circRNAs), which are produced through a 

backsplicing process by the splicing machinery (Chen and Yang, 2015). Hansen et al. (2013) 

discovered that the circRNA CDR1as is capable of decreasing miR-7 levels through a 

sponging effect, thereby causing the loss of its repressive activity on its mRNA targets. 

In addition, in the cytoplasmic environment there are many 3-to-5 'RNA-exonucleases which 

help to reduce the levels of miRNAs. The action on miRNAs of RNA-exonuclease XRN (5’-

3’ exonuclease I), RRP41 (Ribosomal RNA-processing protein 41) and PNPase-old-35 

(Polyribonucleotide Phosphorylase) has been demonstrated in humans (Bail et al., 2010; Das 

et al., 2010). 

However, since the binding of miRNAs to AGO increases their stability and protects them 

from degradation, it is necessary that the miRNAs undergo modifications to decrease their 

affinity to AGO so that they can then be attacked by cytosolic exonucleases. 

These modifications may be the result of a miRNA degradation process, called tailing and 

target-directed trimming (TDTT), favored by highly complementary miRNA targets. In this 

mechanism, these targets bind to the miRNA in the RISC complex and promote the addition 

of nucleotides at the 3 'end of the miRNA (tailing) and the elimination of nucleotides at both 
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the 5' and 3 'ends (trimming), thus promoting its decay (Ameres et al., 2010; Baccarini et al., 

2011; Xie et al., 2012). 

Finally, miRNA levels can also be regulated by target. This mechanism was first studied in 

plants (Rüegger and Großhans, 2012), but it has recently been observed in mammals. In 

particular, it has been described to act on miR-29b, miR-7 and miR-30c/ b by the endogenous 

RNAs libra / Nrep, Cyrano and Serpine1, respectively (Bitetti et al., 2018; Ghini, Rubolino 

et al., 2018; Kleaveland et al., 2018). 

Specifically, the increased instability of these miRNAs is due to their pairing with a highly 

complementary target that triggers the decay of the miRNA. This process, called target-

directed miRNA degradation (TDMD), is described in detail in the next paragraph.  

 
 

1.2.1 Target-Directed MicroRNA Degradation (TDMD) 

TDMD determines an active degradation of mature miRNAs after their loading on the AGO 

proteins and the mechanism does not alter either the biogenesis or their processing (Cazalla 

et al., 2010; de la Mata et al., 2015; Kleaveland et al., 2018). 

Interestingly, although the silencing action by miRNAs and its TDMD-dependent decay are 

opposite processes, both require a miRNA:RNA target pairing. 

The difference in the activation of one of the two mechanisms lies in the different 

miRNA:RNA target interaction, which allows the target to evade the silencing in favor of a 

destabilization of the bound miRNA (Bartel, 2018). 

More precisely, a partial pairing involving the seed region at the 5’-end is able to determine 

the silencing through mRNA inhibition of translation and degradation. 

Conversely, a more extensive and stable pairing at the level of the 3’-end region of the 

miRNA induces TDMD (Figure 8). 
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Figure 8. Target binding architectures define the outcomes of miRNA binding. On the 
right it is shown the typical miRNA-mRNA interaction that leads to translational repression 
and target decay. On the left, Target-miRNA conformations defining TDMD are displayed. 
Target RNAs bind to their cognate miRNAs promoting their tailing, trimming and decay 
(Figure from Fuchs Wightman et al., 2018). 

 
The first insight that RNA sequences could promote miRNA decay is based on artificial 

target RNA studies in Drosophila. These synthetic RNAs, unlike the target mRNAs, had a 

large nucleotide pairing with miRNAs and triggered the tailing and trimming processes with 

subsequent degradation (Ameres et al., 2010). Baccarini et al. (2011) confirmed these 

observations and highlighted an increase in the decay rate of miRNAs in the presence of the 

corresponding artificial targets. 

It was initially thought that these artificial RNAs could act through the "miRNA sponges" 

mechanism by sequestering miRNAs and blocking their activity (Carè et al., 2007; Gentner 

et al., 2009) (Figure 9A). However, this mechanism, while blocking miRNAs, did not affect 

their stability, contrary to TDMD (Ebert et al., 2007). 
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Figure 9. Architecture of TDMD-inducing miRNA binding sites. (A) RNA targets 
(artificial RNAs, viral RNAs, cellular RNAs) that interact with their cognate miRNAs 
through the seed region, the bulge and the extended 3’ complementarity to induce TDMD. 
(B) A seedless, non-canonical target is also able to destabilize a miRNA (Figure from Fuchs 
Wightman et al., 2018). 

 

Subsequent studies noted a variable efficacy of TDMD based on different cell lines. For 

example, certain artificial targets resulted in modest TDMD-dependent degradation in 

mammalian non-neuronal cell lines, while on the contrary they induced a more potent effect 

in neuronal cells (de la Mata et al., 2015; Kleaveland et al., 2018). 

The TDMD mechanism can also be used by some viruses which are able to block the 

miRNAs of the infected host cells (Guo and Steitz, 2014) (Figure 9A).  

Cazalla et al. (2010) observed this behavior in Herpesvirus saimiri (HVS), infecting primate 

T cells. Here the virus produces seven small non-coding RNAs called HSURs that show 

complementarity with different cellular miRNAs. Among these, miR-27 creates the most 

extensive nucleotide pairing which leads to its decay. 
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Similarly, the murine cytomegalovirus (MCMV) expresses a transcript called m169 which, 

through its 3'-UTR, pairs with miR-27, stimulating its degradation by the host's TDMD 

(Libri et al., 2012; Marcinowski et al. al., 2012). 

Viruses take advantage of this machinery since eliminating certain miRNAs allows the 

expression of host genes useful for viral development. After all, many cellular miRNAs are 

known to interfere with the various stages of viral infection and replication, so viruses may 

have developed TDMD to counter these cellular defenses (McCaskill et al., 2015). 

For example, the human cytomegalovirus (HCMV) activates TDMD mainly against miR-17 

and miR-20a, whose elimination determines an increased proliferation of the virus through 

a greater synthesis of viral DNA (Lee et al., 2013). 

Unlike viruses, in metazoans the physiological goal of TDMD is theoretically not completely 

clear. Despite this, several cellular transcripts, capable of activating the miRNA degradation 

machinery, have been identified. 

Specifically, the libra transcript, a long non-coding RNA (lncRNA), was observed in the 

zebrafish cerebellum to induce the elimination of miR-29b through TDMD. 

Similarly, the same miRNA is negatively regulated in mice, as well as in humans, by the 

libra homologous Nrep, an mRNA encoding a small protein. This transcript contains a 20-

base sequence in the 3'-UTR complementary to miR-29b. The complementarity site creates 

an extensive pairing from the 5 'to the 3'-end, except for a mismatch of 3 nucleotides in a 

central position (Figure 9A). If the miR-29b degradation process is altered in mice and 

zebrafish, for instance by modifying the Nrep pairing site, these organisms show behavioral 

dysfunctions, thus demonstrating the importance of the process (Bitetti et al., 2018). 

Subsequently, Kleaveland et al. (2018) discovered another target RNA, Cyrano, which is 

able to initiate the decay process of miR-7 (Figure 9A). Cyrano is a lncRNA correlated with 

miR-7 regulation in brain development and brain differentiation (Ulitsky et al., 2011; Smith 

et al., 2017). However, it was observed that Cyrano KO mice show no relevant 

abnormalities. On the other hand, however, deletions affecting Cyrano:miR-7 pairing 

sequence determine in different tissues an increase in miR-7 levels and in its inhibitory 

action (Kleaveland et al., 2018).  

In particular, one of the biological targets of miR-7 that is affected by its repressive action 

after Cyrano depletion, is Cdr1as, a circRNA, which contains multiple pairing sites with 

miR-7 and also shows a complementarity with another miRNA, miR-671 (Hansen et al., 

2011). 

Although Cdr1as is capable of interacting at different sites with both miR-7 and miR-671, 

however, the observed effects are different. The Cdr1as:miR-7 interaction does not induce 
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TDMD against miR-7. In fact, in Cdr1as KO mice it has been noted that the levels of miR-

7 are also reduced. 

Instead, the Cdr1as:miR-671 interaction seems to trigger the TDMD-dependent degradation 

of the miRNA. As confirmation of this, Piwecka et al. (2017) noted that Cdr1as depletion 

results in a slight increase in miR-671. 

The discovery of the TDMD machinery is very recent and several aspects of this mechanism 

are still not understood. 

The first aspect that must be considered concerns the type of interaction between the miRNA 

and the RNA target and therefore what characteristics exactly the RNA transcript must have 

to induce TDMD. 

As already described above, TDMD occurs in the presence of an extensive complementarity 

between miRNA and the transcript, higher than that existing between miRNA and the 

mRNAs. On the other hand, if an RNA target binds to miRNA in the same way as a mRNA, 

TDMD would not be triggered (Figure 10). 

 

 
Figure 10. Three known modes of miRNA–target interaction on Ago proteins. Based on 
the different interactions between miRNA and an RNA target, different outcomes are 
possible (Figure from Pawlica et al., 2019). 

 
The pairing takes place both in the seed region at the 5’ end and in a large region at the 3' 

end of the miRNA. In the central part there is instead a small bulge. 

In vitro and cell cultures studies have attempted to evaluate the number of maximum 

tolerated mismatches that are still able to initiate the degradation process. Specifically, it has 

been shown that the presence of a maximum of 8 mismatches at the 3 'end of the miRNA 

still allow the activation of TDMD (de la Mata et al., 2015). 

On the contrary, however, the m169 transcript of HCMV does not tolerate any mismatch in 

its pairing with miR-27. This could be caused by the presence of a very large bulge in the 

central region, that would not allow further mismatches (Haas et al., 2016).  
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Furthermore, although the interaction at the level of the seed region is important, Park et al. 

(2017) demonstrated that miRNAs can also be destabilized by seedless, non-canonical 

targets with an extensive 3' end pairing (Figure 9B). 

Thus, the number of tolerated mismatches varies according to the cell type and the conditions 

considered. This makes it difficult to identify a single and precise type of binding 

architecture between miRNA and the target able to trigger TDMD (Fuchs Wightman et al. 

2018). 

The degradation of miRNAs is closely related to the tailing and trimming processes at the 3' 

ends of the miRNAs and TDMD is almost always associated with these remodelling 

modifications. 

Terminal nucleotidyl transferase (TNTase), an enzyme belonging to the superfamily of DNA 

polymerase-beta, intervenes in tailing by adding nucleotides, especially adenosines and 

uridines, to the 3 'ends of different RNAs, including miRNAs (Martin and Keller, 2017). 

Tailing is a process capable of regulating various aspects of the life of an RNA. In addition 

to the contribution to miRNA degradation, TNTases are also able to regulate the maturation 

and function of several non-coding RNAs. 

A TNTase directly implicated in TDMD seems to be TUT1, although Haas et al. (2016) 

observed that TUT1 knockdown does not alter the TDMD process, probably due to the 

presence of other TNTases as well. 

Instead, the trimming process starting from the 3'end involves several 3'-to-5' 

exoribonucleases. Although the PARN enzyme is well known to degrade 3'-tailed miRNAs 

(Boele et al., 2014; Katoh et al., 2015), currently the exoribonuclease capable of degrading 

miRNAs after binding to a RNA target appears to be DIS3L2 (Haas et al., 2016). 

However, when activated by Cyrano, TDMD proceeds independently of the action of 

DIS3L2 (Kleaveland et al., 2018). The reason may be due to the action of the enzyme on 

uridylated targets (Gallouzi and Wilusz, 2013), while in the presence of Cyrano an 

adenylation of the miRNA is favored. 

DIS3L2 was copurified in HeLa cells together with other proteins such as TUT1, the XRN2 

exoribonuclease and proteins of the RISC complex (AGO1, 2 and 3, TNRC6B and RBM4), 

which suggests their connection to the TDMD machinery. Actually, the pairing of the RNA 

target favors the 3 'tailing of the miRNA when the latter is associated with AGO. Therefore, 

the TDMD acts in proximity or in association with the RISC complex (de la Mata et al., 

2015; Haas et al., 2016). 

Particular attention should be paid to the AGO protein which binds miRNAs at the level of 

the central sequence protecting their two ends. The subsequent binding of the target 
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determines the exposure of the 3'-end guide strand to the attack of TNTases and 3'-to-5' 

exoribonucleases. 

Several studies have tried to investigate the structure of AGO to better understand its role in 

the TDMD process. Schirle et al. (2014) noted that AGO adapts its pocket to favor the 

binding and creates two distinct portions separated by a central one (Figure 11).  

The first part, the seed chamber, is immediately generated for the association with the seed-

paired target RNAs. The second portion, the additional chamber, identified in hAGO2, hosts 

additional nucleotides and creates the energetically most favorable environment for initiating 

the early interactions with the guide 3' half (Sheu-Gruttadauria et al., 2019). The central part 

between the two chambers, consisting of the PIWI and L2 loops, acts as a central gate that 

blocks the central region of the miRNA. The open gate allows access to the duplex inside an 

additional central room. The miRNA tail passes inside a narrow channel structure formed by 

the N and PAZ domains and in the latter, it binds with its 3’-end. 

In this way, AGO creates separate chambers inside its pocket that favor the connection with 

the different functional domains of the guide RNA. 

 
Figure 11. Representation of the hAGO2 structure interacting with the miRNA-RNA 
target duplex. On the right it is shown a hypothetical miRNA paired with its TDMD target. 
On the left, the different domains of the hAGO2 protein create chambers to accommodate 
the duplex (adapted by Sheu-Gruttadauria et al., 2019). 

 
Sheu-Gruttadauria et al. (2019) generated a crystal structure of hAgo2 bound to both 

miRNAs and TDMD targets. They observed that the complex assumes a conformation in 

which the central gate is open, while the guide RNA and the target are wrapped around each 

other. When this happens, the 3' end of the miRNA detaches from the hydrophobic portion 

of the binding pocket and is exposed to the hydrophilic cellular environment where it can 

undergo remodeling by tailing and trimming enzymes (Figure 12). 
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Figure 12. The structural model for extended miRNA-target pairing. On the top, the 
representations of the seed and supplementary (left) and TDMD (right) conformations are 
shown. Below, the supplementary chambers of the seed and supplementary (left) and TDMD 
(right) conformations are zoomed in to show the duplex bond. The numeric labels represent 
the RNA base-pairs, while the red alphanumeric labels describe non-paired miRNA 
nucleotides (Adapted by Sheu-Gruttadauria et al., 2019). 

 
Confirmations of this model also derive from target RNA mutagenesis experiments which 

prove the importance of pairing with miRNA to create a flexible bipartite duplex. 

Probably, the entire process proceeds in a discontinuous manner and is regulated by various 

checkpoints that correspond to the achievement of low-energy conformations, starting from 

the pairing with the seed region. Passing each checkpoint allows the passage to the next 

phases. Furthermore, before reaching the slicing phase, an extension of the central and 

additional chamber is necessary to accommodate the paired duplex. Therefore, a further 

movement of the N domain is required. This domain also serves to facilitate the unwinding 

of the guide-passenger RNA duplex during miRNA loading (Faehnle et al., 2013; 

Hauptmann et al., 2013; Nakanishi et al., 2013). 
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1.2.2 ZSWIM8 protein 

The work of Sheu-Gruttadauria et al. (2019) underlines the importance of extensive pairing 

at the 3' end which promotes conformational changes both in the AGO protein and the 

miRNA. Consequently, the separation of the miRNA 3’end from its binding pocket in the 

PAZ domain takes place, making the 3’ region vulnerable to exposure to tailing and 

trimming. These processes both occur while the miRNA is still bound by AGO (de la Mata 

et al., 2015; Haas et al., 2016). 

Therefore, the study of this system leads to a TDMD model whereby tailing marks the 

miRNA for trimming and, subsequently, degradation by cellular nucleases is favored (Wyers 

et al., 2005; Rissland and Norbury, 2009; Lim et al., 2014). 

However, there are still some inconsistencies in linking TDTT to TDMD. For example, in 

some cases, TDTT may be stimulated without a detectable degradation of the miRNA, or, 

on the contrary, TDMD activation has been described without having tailing and trimming 

processes. 

In fact, Kleaveland et al. (2018) observed that blocking the tailing of miR-7 through deletion 

of the PAPD4 enzyme (TENT2 / TUT2 / GLD2) did not alter the Cyrano-dependent miR-7 

degradation, demonstrating that the tailing process is not essential for trigger the decay. 

So, it is clear that additional factors are needed to perfect the TDMD machinery. 

Two recent studies carried out by Shi et al. (2020) and Han et al. (2020) performed a CRISPR 

screen to identify the protein-coding genes needed to reduce the level of miR-7 in K562 

cells. The authors identified the ZSIWM8 protein, whose depletion determines a significant 

increase in miR-7 levels. 

Furthermore, small RNA-seq (sRNA-seq) experiments showed that the increase in miR-7 

corresponded to an increase only in the guide strand and not in the passenger strand. This 

effect has also been observed with CYRANO knockdown and is consistent with the fact that 

TDMD acts after the miRNA loading on AGO and therefore the change of the content affects 

only the guide strand.  

In contrast, transcription and processing, that are two other processes that affect miRNA 

levels, have an effect on both the guide and the passenger strand. 

It was also observed that a certain variability in the length of the miR-7 guide strand in the 

3’ end, demonstrating the presence of the tailing and trimming processes. Further 

experiments identified many other ZSWIM8-sensitive miRNAs in different cell lines, such 

as Drosophila S2 cells, mouse embryonic fibroblasts (MEFs), and HeLa and MCF-7 tumor 

lines Shi et al. (2020). Also, in HCT116 cells, Han et al. (2020) showed the induction of 

ZSWIM8-mediated TDMD for the miR-29b, after pairing with the Nrep transcript. 
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ZSWIM8 is a Cullin-RING E3 ubiquitin ligase (CRL), made up of 1837 amino acids in 

humans (Figure 13). CRLs are involved in the protein ubiquitin-dependent degradation by 

the 26S proteasome (Schreiner et al., 2019). Structurally these ligases contain a Cullin 

protein, which acts as a scaffold to link the substrate receptor with a RING-finger protein. 

The latter is associated with ubiquitin-binding E2 enzymes, thus promoting substrate 

ubiquitination (Hua and Vierstra, 2011). 

ZSWIM8 belongs to a subclass of CRLs that use Elongin B (ELOB / TCEB2) and Elongin 

C (ELOC / TCEB1) as adapter proteins to link the substrate receptor to the Cullin protein 

(Mahrour et al., 2008). 

Consequently, ZSWIM8 possesses a domain to bind Cullin, a BC domain to bind two 

Elongin proteins and also a zinc finger domain whose precise function is not known (Wang 

et al., 2013). These three domains correspond to the first 208 amino acids of the protein 

which is highly conserved in different organisms.  

 
Figure 13. The domain structure and conservation of human ZSWIM8. Most of the 
protein is highly conserved. The three functional domains are located near the N-terminus 
in the first 208 amino acids (adapted by Shi et al., 2020). 
 

The biological functions of ZSWIM8 have been studied in different animal models. 

In flies, the presence of point mutations in the gene leads to lethality (Yamamoto et al., 

2014). In C. elegans, EBAX-1 (Elongin BC-binding axon regulator), an ortholog of 

ZSWIM8, is needed in developing neurons to determine the degradation of the SAX-3 / 

Robo receptor when it is not properly folded (Wang et al., 2013). 

In human cells, similarly to what has been observed in C. elegans, ZSWIM8 contributes to 

the degradation of Robo. Further studies performed in tumor lines show that ZSWIM8 is not 

required for cell viability, but generally confers a fitness advantage (Shi et al., 2020). 
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1.2.3 TDMD E3 model  

The mechanism of action of ZSWIM8 within the TDMD pathway is not completely know. 

It was hypothesized that ZSWIM8 could act by regulating the expression of Cyrano, but it 

was observed that ZSWIM8 knockdown has no significant effects on Cyrano levels and vice 

versa. However, both require the presence of the other to influence miRNA levels and, more 

precisely, Cyrano is located upstream in the pathway (Shi et al., 2020). 

A new TDMD model, called E3 model, is therefore defined, according to which ZSWIM8 

senses the conformational changes that occur when the target RNA pairs with the 3' region 

of the miRNA (Figure 14). 

Subsequently, the polyubiquitination of AGO is stimulated and lead to its degradation by the 

proteasome. The destruction of AGO exposes the miRNA to the action of some not yet 

identified cellular exonucleases, with consequent degradation and release of the undamaged 

trigger, as it is protected by the presence of the 5 'cap and the 3' poly (A) tail. Then the RNA 

target can act again by associating itself with a new miRNA (Kleaveland et al., 2018).  

 
Figure 14. The E3 model of TDMD and its interplay with TDTT. After the pairing to 
miRNA seed and 3’ region, ZWIM8 activates the polyubiquitination of AGO leading to its 
degradation. The loss of AGO causes miRNA decay, while the RNA target is recovered. 
Tailing and trimming processes can take place but are not indispensable (adapted by Shi et 
al., 2020). 
 

Polyubiquitination of AGO occurs at the level of lysine residues. 25 lysine residues have 

been identified on the surface of human AGO2 and they are conserved in the four isoforms 

of the protein. By mutating each of these 25 lysines into arginines, lysine K493 was 

identified as a critical site for TDMD activity (Han et al., 2020) (Figure 15).  
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Figure 15. Lysines distribution on the surface of AGO2. The 25 lysines exposed on the 
AGO2 surface are highlighted in cyan. The red lysine is critical for TDMD (Figure from 
Han et al., 2020). 
 

This model differs from the previous one which did not propose AGO degradation and 

considered tailing as a key event to mark miRNA for trimming (Ameres et al., 2010).  

Similarly, the E3 model confirms the importance of the conformational changes that occur 

at the miRNA 3’ end and that determine its detachment from the PAZ domain. 

Conformational changes also occur on the protein complex and determine the enlargement 

of the internal chamber to facilitate pairing (Sheu-Gruttadauria et al., 2019). ZSWIM8 is 

able to take advantage of these movements to associate with the complex and create a degron, 

i.e. a region that regulates protein degradation. 

The 3’ end of the miRNA is thus exposed and can undergo tailing and trimming processes 

although these are not essential. Therefore, TDMD does not depend on TDTT, but the two 

processes can be decoupled. Indeed, inhibiting tailing and trimming by modifying the 2'-OH 

end of the miRNA does not reduce the miRNA decay rate (Ameres et al., 2010) (Figure 16). 

Further confirmations of the ZSWIM8-dependent degradation derive from knockdown 

experiments of genes encoding the accessory proteins ELOB, ELOC and Cullin that 

determine miRNA accumulation and reduction of its degradation. Furthermore, through 

coimmunoprecipitation experiments, the ability of ZSWIM8 to polyubiquitinate AGO has 

been confirmed (Shi et al., 2020). 
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Figure 16. Target-dependent miRNA turnover. MiRNA degradation can occur through 
two target-dependent mechanisms. TDMD can be decoupled from TDTT, which can take 
place independently of the former (Figure from Wu and Zamore, 2021). 
 

1.3 MiRNA and Cancer 
 

1.3.1 OncomiR and tumor suppressor miRNAs 

Due to their role as cellular regulators, miRNAs are able to modulate the activity of 

approximately 50% of all protein-coding genes. Consequently, they are implicated in most 

cellular processes such as proliferation, differentiation, apoptosis, DNA damage and repair, 

etc. (Krol et al., 2010). Furthermore, miRNAs have been linked to several human 

pathologies, including viral diseases, immune-related diseases, neurodegenerative diseases 

and cancers (Li and Kowdley, 2012). 

The involvement of microRNAs in tumors has been known for a short time, and precisely 

from the discovery of genetic deletions and translocations involving the genes of miR-15 

and miR-16, in the 70% of patients with B-cell chronic lymphocytic leukemia (B-CLL) 

(Calin et al., 2002) 

Subsequently, it was noted that in many tumor cells the miRNA expression profiles were 

significantly altered compared to normal cells, demonstrating that certain miRNAs are 

involved in tumor development and growth (Calin and Croce, 2006). 
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Based on their altered expression, miRNAs have been classified into oncogenic miRNAs 

(oncomiR, Onc) and tumor suppressor miRNAs. 

In tumors, oncogenic miRNAs are overexpressed and act by repressing tumor suppressor 

target mRNAs. Known examples of oncomiR are miR125b (Croce, 2009) and the miR-17-

92 cluster which is amplified in many solid tumors and lymphomas (Esquela-Kerscher and 

Slack, 2006; Mogilyansky et al., 2013). 

Conversely, tumor suppressor miRNAs, which physiologically suppress the translation of 

mRNAs encoding oncogenes, are under-regulated in tumors and therefore their oncogenic 

targets are overexpressed. 

Among the tumor suppressors, the families of let-7, miR-30, miRNA-34, miR-200 and 

miRNA-16 were highlighted, as well as miR-133a, miR-145, miR-143 (Qiu et al., 2013, 

2014). 

Let-7 is highly expressed with thousands of copies in most cell types, while other tumor 

suppressor miRNAs may have a more specific expression in certain cells than others. The 

regulatory action of let-7 is observed at the level of oncogenes, such as Myc, KRAS and 

HMGA2 (Balzeau et al., 2017). There are 12 members of the let-7 family which are all 

regulated by two RNA-binding proteins, LIN28A and LIN28B. These proteins bind let-7 

pre-miRNA to prevent mature miRNA production (Hagan et al., 2009).  

The tumor suppressor role of the miR-30 family is well studied. In colorectal cancer it 

suppresses cell chemoresistance and stemness (Jiang et al., 2018). In the endothelium, 

McCann et al. (2019) identified the presence of a pathway, including TGF-β, miR-30c and 

Serpine1, involved in fibrin production. Alteration of the expression of miR-30c determines 

the formation of hyperfibrinolytic, dysmorphic vessels that develop in a disorderly manner 

and contribute to tumor progression.  

Regarding miR-34, it plays the role of tumor suppressor in many types of cancer, such as 

intestinal (Jiang and Hermeking, 2017) and lung (Okada et al., 2018) tumors. Furthermore, 

some studies have shown its efficacy as a therapeutic agent in preclinical mouse models of 

breast and prostate cancer (Cheng et al., 2014; Adams et al., 2016). 

Instead, the miR-200 family is able to reduce chemoresistance and limit the metastases 

development. It works by blocking the expression of the transcription factors ZEB1 and 

ZEB2, thus avoiding the epithelial-mesenchymal transition (EMT) and the action of factors 

involved in migration and invasiveness (Shimono et al., 2009). 

Furthermore, miR-374b, under-expressed in cervical cancer, acts in the p38 / ERK signaling 

pathway determining a key role in the inhibition of cell proliferation and migration (Li et al., 

2018). 
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However, the subdivision of miRNAs into oncogenics and tumor suppressors is not always 

so clear-cut and defined. Indeed, in some cases, certain miRNAs can play both roles 

(Svoronos et al., 2016). 

For example, miR-125b has a predominantly oncomiR action in many blood cancers, while 

it acts as a tumor suppressor in several solid tumors. While it may seem paradoxical, the 

explanation may lie in the fact that this miRNA has several different targets, including both 

proapoptotic and antiapoptotic factors, both proliferative and differentiation, and both 

prometastatic and antimetastatic factors. Thus, probably, the effect of miR-125b will depend 

on how the balance of expression of these factors is oriented in each tumor. (Shaham et al., 

2012; Sun et al., 2013). 

Another notable case is miR-155 which is generally considered an oncomiR and is 

upregulated in many aggressive tumors, where it acts by blocking TGFβR2 expression and 

promoting cell proliferation and migration, as observed in gastric cancer (Qu et al., 2018). 

On the other hand, however, despite its evident oncogenic effects, some authors have 

observed its ability to act as a tumor suppressor in certain tumors. In particular, by repressing 

the SKI oncogene, miR-155 is able to inhibit proliferation in various melanoma cell lines 

(Levati et al., 2011). In FLT3-wildtype normal karyotype acute myeloid leukemia (NK-

AML), it plays a proapoptotic role and can stimulate differentiation (Palma et al., 2014). 

Similarly, it can limits the development of ovarian cancer by acting on SMAD2 and CLDN1, 

two transcripts encoding a proliferation and differentiation pathway protein and a tight 

junction protein, respectively (Qin et al., 2013). The same effect can also be observed in 

stomach cancer (Li et al., 2012), a clearly paradoxical condition considering, as described 

above, that miR-155 is known to be a potent oncomiR in this tumor. 

Another particular case is given by miR-7, which also manifests opposite behaviors. 

Specifically, it can promote tumorigenesis by stimulating the Ras / ERK / Myc pathway 

(Chou et al., 2010), but on the contrary it acts as a tumor suppressor, for example preventing 

the development of chemoresistance through the silencing of the drug efflux transporter 

MRP1 (multidrug-resistance associated protein 1) (Kalinowski et al., 2014). 

The difficulty in many cases of uniquely classifying the behavior of miRNAs in cancer is 

probably due to the enormous heterogeneity of tumors, in which the presence of innumerable 

mutations and polymorphisms could alter the pairings between miRNA and mRNA target 

giving rise to a variability of effects. Furthermore, the fact that miRNAs can have a large 

number of targets makes the situation even more complicated. Even though it has not yet 

been demonstrated, it could be hypothesized that some miRNAs may exert opposite effects 

in different regions of a given tumor (Svoronos et al., 2016). 
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1.3.2 Aspects of tumor biology regulated by miRNAs 

Currently, it can be stated that most cancer hallmarks are subject to miRNA-mediated 

regulation which are implicated in all steps of tumorigenesis from tumor initiation to 

metastasis (Goodall and Wickramasinghe, 2021). 

The cell cycle is regulated by various oncogenic and tumor suppressor factors. For example, 

p27 (Kip1) is a cell cycle inhibitor and its levels are very low in several cancers. This tumor 

suppressor is under the control of miR-221 and miR-222, which are generally overexpressed 

in many cancers and promote proliferation after targeting with p27 (Kip1) (Galardi et al., 

2007; Gillies et al., 2007). 

Another very important tumor suppressor is p53, which is mutated in about 50% of human 

cancers. Several miRNAs have been related to this protein, such as the miR-34 family which 

is upregulated after induction of p53 through direct activation of the pri-miRNAs of this 

family (Chang et al., 2007) (Figure 17). 

 
Figure 17. p53 and miR-34 pathway. The miR-34 family acts as a tumor suppressor and is 
induced by p53 (Figure from Lee and Dutta, 2009). 
 
Other miRNAs that are induced by p53 following DNA damage are miR-30c, miR-103, 

miR-26a, miR-107 and miR -182 (Lee and Dutta, 2009). 

p53 also stimulates apoptosis, a complex and regulated process of programmed cell death. 

Some miRNAs are involved in this process, such as miR-29b which regulates the expression 

of the antiapoptotic factor Mcl-1 (Mott et al., 2007). This miRNA is also closely correlated 

with p53, as it acts targeting the suppressors of p53 and thus stabilizing the tumor suppressor 

protein (Park et al. 2009) 
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The distinctive signs of malignant tumors include the ability to invasive and metastasize, 

and the stimulation of angiogenesis. These processes can also be regulated by miRNAs. In 

particular, several studies have focused on miR-10b and miR-21. The latter above all is 

highly upregulated in many tumors and promotes motility and invasion by acting directly on 

PTEN, a tumor suppressor that is involved in the regulation of the cell cycle and is able to 

inhibit cell invasion (Meng et al., 2007). PTEN is not the only target of miR-21, which can 

interact with many other transcripts such as Pdcd4, whose repression determines 

intravasation and metastasis (Asangani et al., 2007). 

As regards tumor angiogenesis, the miR-17-92 cluster appears to be strongly active in this 

process, due to the Myc stimulation (Fiedler and Thum, 2016). Two cluster members, miR-

18 and miR-19 act on CTGF (connective tissue growth factor) and anti-angiogenic factor 

Tsp-1 (thrombospondin-1) respectively by repressing their expression. 

 

1.3.3 Mechanisms of miRNA dysregulation in cancer 

The overexpression and downregulation of different miRNAs in cancer are associated with 

various dysregulation mechanisms that can intervene in both biogenesis and degradation. 

Genetic mutations and epigenetic modifications of miRNA genes by DNA promoter histone 

hypoacetylation or hypermethylation have been demonstrated in different cancer types 

(Saito et al., 2006; Hackanson et al., 2008).  

Methylation of CpG islands at the level of promoters of miR-34 genes and of some members 

of the miR-200 family results in a block of their expression and is associated with the 

development of cancers, such as colorectal and breast cancers (Toyota et al., 2008; Lim et 

al., 2013). 

Furthermore, many tumors correlate with the development of hypoxia, which induces a 

reduction in the expression of Drosha and Dicer, and post-translational modifications in 

AGO2 (Rupaimoole et al., 2014; Golden et al., 2017). These events result in an inhibition of 

the maturation of miRNAs, such as let-7a, miR-16 and miR-200 (van den Beucken et al., 

2014). 

Despite this, not all miRNAs are affected by hypoxia. For example, the reduction in the 

hypoxia-dependent processing is overcome by miR-210 due to a greater induction of 

transcription (Huang et al., 2009). On the contrary, hypoxia increases the levels of miR-630 

since the target of this miRNA is precisely DICER1 mRNA (Rupaimoole et al., 2016). 

Moreover, the export step of miRNAs from the nucleus can be altered in tumors due to 

mutations or post-translational modifications of XPO5 that contribute to the downregulation 
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of mature miRNAs, as observed by an accumulation in the nucleus of miRNA precursors in 

gastric, colorectal and endometrial cancers (Melo et al., 2010). 

The dysregulation of the levels of some miRNAs could also be due to an altered degradation 

process. In this case, the TDMD mechanism could play a key role, for example through an 

upregulation of target RNAs directed against miRNAs. 

 

1.3.4 Clinical applications 

Due to their correlation with certain cancers, some miRNAs could be exploited as molecular 

markers in the diagnostic and prognostic field, and could be good indicators of the origin 

and stage of cancer. For example, miR-196a is overexpressed in pancreatic ductal 

adenocarcinoma (PDAC), while miR-217 is repressed. Thus, measuring the miR-196a / 

miR-217 ratio is a good marker of PDAC (Yu et al., 2017). 

In recent years, thanks to the improvement of molecular biology techniques for the extraction 

and detection of nucleic acids, it is possible to evaluate miRNA levels with greater sensitivity 

and specificity even starting from biopsies and low amounts of RNA. 

Similarly, the study of tumor development-related miRNAs could lead to their use in a 

therapeutic approach. In fact, recently various miRNA-based therapies have been developed 

(Petrovic and Ergun, 2018). Since miRNAs can be dysregulated and intervene in the cancer 

pathway in two different ways (as oncomiR or tumor suppressors), two different therapeutic 

strategies can be developed. 

Regarding oncomiRs, which are upregulated in cancer, it is necessary to intervene by 

inhibiting their biogenesis or blocking them, in order to reduce their levels. This goal can be 

achieved in particular by antagomiR (anti-miR) (Kong et al., 2012), miRNA sponges (Ebert 

and Sharp, 2010; Bak and Mikkelsen, 2014), anti-miRNA oligonucleotides (AMO) 

(Amodeo et al., 2013), locked - nucleic - acid antisense oligonucleotides (LNA) (Nedaeinia 

et al., 2016), etc. (Figure 18). 
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Figure 18. MiRNA inhibition strategies. Several strategies can be applied to block the 
activity of a miRNA. MiRNA sponges (A) consist of RNAs containing complementary 
binding sites to a specific miRNA. Several modified oligonucleotides (B) can be created 
against a miRNA preventing it from interacting with its target transcript (Figure adapted by 
Mekuria et al., 2018). 
 
Various anti-miRs have been created against different miRNAs such as miR-10b, miR-221, 

miR-155, miR-122, miR-21 and have shown therapeutic potential against cancer (Nguyen 

and Chang, 2017). 

On the other hand, as regards miRNA tumor suppressors, which are downregulated in 

cancer, it is necessary to increase their levels through restoration and replacement 

mechanisms (Henry et al., 2011; Barger and Nana-Sinkam, 2015).  

This type of approach is not easy to implement, since either the biogenesis of the suppressed 

endogenous miRNA has to be stimulated, or an exogenous miRNA has to be introduced into 

the cell. However, the latter strategy requires efficient means for the transfer of synthetic 

miRNA into the cell, for example through electroporation or carriers (Terasawa et al., 2011; 

Hosseinahli et al., 2018) (Figure 19). 
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Figure 19. Different strategies used in miRNA replacement therapy. A range of vectors 
is used to deliver these miRNA mimics or DNA plasmids to the tumor cell nucleus or 
cytoplasm (Figure from Hosseinahli et al., 2018). 
 
Synthetic miRNAs or mimics are chemically modified double-stranded RNA molecules 

designed to endogenous miRNAs and contain 17-26 nucleotides with sequences highly 

equivalent to those of their endogenous counterpart. For this reason, they follow the same 

biogenesis, once they enter the cell (Shah et al., 2016). Long et al. (2009) used a let-7a mimic 

in laryngeal cancer cells to restore the expression of let-7a that was highly reduced in this 

tumor. Similar results were obtained in liver cancer cells where the action of a miR-7 mimic 

resulted in a reduction in cell proliferation and invasiveness (Wu et al., 2017). One of the 

most studied miRNAs for mimic strategy is miR-34, which have been used to increase the 

miRNA level and are currently being tested in phase I clinical trials in various solid and 

hematological neoplasms. Studies in murine models of lung cancer with these mimics 
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encapsulated in lipid nanoparticles based on viral vectors, showed a reduction in 

tumorigenesis and no side effects related to the vector used (Saliminejad et al., 2018). The 

liposomal mimic of miR-34a, MRX34, had a positive therapeutic result in patients with 

advanced-stage resistant solid tumors (Beg et al., 2017). 

Another particular approach to upregulate tumor suppressor miRNAs was developed by 

Gilot et al. (2017), who discovered in metastatic melanoma cell lines that the mRNA of 

TYRP1, encoding the tyrosinase-related protein 1, also exhibits a non-coding function in 

miR-16 sequestering, thus limiting its tumor suppressor activity. The authors designed LNA 

Target Site Blockers (TSBs) based on the miRNA sequence in order to block TYRP1 and 

increase the availability of miR-16. 

 

1.3.5 miRNA and Breast Cancer 

Breast cancer (BC) represents one of the main invasive cancers among women, about 30% 

worldwide, with a mortality / incidence ratio of 15% (Siegel et al., 2020).  

On average, about 10% of cases are associated with a genetic predisposition, mainly linked 

to mutations in the BRCA1 and BRCA2 genes (Kuchenbaecker et al., 2017). Recently, 

additional genes have been identified that could play a key role in the development and 

progression of BC. In particular, this group includes: PALB2, ATM, CHEK2, RAD51C, 

BARD1 and TP53 (Loibl et al., 2021). 

In addition to genetic predisposition, environmental factors and incorrect lifestyles can also 

have a great impact on the development of this tumor (Nur et al., 2019). 

Histologically, the most common BCs are invasive ductal carcinoma (also called no special 

type) and invasive lobular breast cancer, characterized by epithelial cadherin (CDH1) 

mutations and a dissociated growth pattern. 

From a biological point of view, breast cancer is a very heterogeneous tumor and can be 

divided into at least three main subtypes based on the status of three receptors: estrogen 

receptor (ER), progesterone receptor (PR), and human epithelial receptor 2 (HER2). The 

classification includes: luminal ER-positive and PR-positive, which is further subdivided 

into luminal A and B; HER2-positive; and triple-negative breast cancer (TNBC) (Denkert et 

al., 2017). Triple negative subtype can be further subclassified generally into basal, claudin-

low, MBC (metaplastic breast cancer) and interferon-rich (Figure 20). 

Luminal subtypes are associated with a better prognosis, while TNBC subtypes are more 

aggressive.  
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Figure 20. Comparison of the current subtyping classification between breast cancer 
cell lines and tumors. Based on the expression of ER, PR, HER2, BC is classified as luminal 
A, luminal B, HER2 positive, and triple negative. A similar subdivision is made for BC cell 
lines (Figure from Dai et al., 2017) 
 
Similarly to the BC classification, it is also possible to subdivide the BC cell lines used in 

the various studies (Dai et al., 2017) (Figure 20). 

Luminal breast cancer cell lines express ER and / or PR and are characterized by a more 

differentiated phenotype with a lower propensity to migrate thanks to the presence of strong 

tight junctions. 

HER2 positive cell lines express HER2 but not ER and show more heterogeneous features 

ranging between luminal and TNBC subtypes. For this reason, they can be divided into 

luminal-HER2+ and ER-negative-HER2+ based on their closest proximity to luminal and 

TNBC, respectively. 

Cell lines belonging to this subtype are more aggressive than the luminal one and with a 

greater invasive capacity. On the other hand, however, they appear to be more responsive to 

certain drugs and represent a good study model for evaluating the Herceptin response. 

Finally, the Triple Negative cell lines are characterized by low or no expression of all three 

receptors and can be divided into two very heterogeneous categories: Triple Negative A (or 

basal A) and Triple Negative B (or basal B). 

Basal A lines may have either luminal-like or basal-like morphologies, while basal B lines 

are the most undifferentiated and invasive, and show a more mesenchymal-like appearance. 

Understanding the molecular mechanisms underlying this tumor, identifying molecular 

markers important for diagnosis and prognosis and intervening with increasingly targeted 

therapies, represents a great challenge. 
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The study of miRNAs in BC falls within these objectives as the dysregulation of several 

miRNAs has now been associated with the pathophysiology of this cancer (Cantini et al., 

2019, Moi et al., 2019). 

Different miRNAs have been observed to be upregulated or downregulated in cell lines, 

animal models and in BC patients. Figure 21 summarizes the main ones and describes their 

role in the invasion-metastasis cascade (Fridrichova and Zmetakova, 2019). 

 

 
Figure 21. Up-regulated and down-regulated miRNAs in BC. The schematic describes 
the different processes associated with breast cancer invasiveness and stemness, and shows 
the main dysregulated mirNAs involved (Figure from Fridrichova and Zmetakova, 2019). 
 

Dysregulation can be associated with different causes and determines effects on the tumor 

at various levels. 

Several large-scale studies have shown that in BC cells the promoters of many miRNA 

clusters (e.g. miR-335, miR-106a, miR-363, miR-20b, miR-296, miR-298, miR-212, mir -

200b, miR-200c / 141) show an altered methylation pattern which can be associated with an 

altered expression, as previously described. 

Yu et al. (2013) demonstrated that Kindlin 2, a protein capable of interacting with DNMT1 

(DNA Methyltransferase 1), stimulates the hypermethylation of the miR-200 family 

promoter, inducing its silencing. 

The altered expression of various miRNAs, such as miR-125b-1 and miR-31, can also occur 

following dysregulation of histone methylation in BC. Specifically, as regards miR-31, 

EZH2 (Enhancer of Zeste Homolog 2), a histone-lysine N-methyltransferase enzyme, is 
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upregulated and consequently determines a hypermethylation of histones with a 

transcriptional stop of the miRNA gene (Kandettu et al., 2020). EZH2 can also determine 

epigenetic silencing of the genes of two tumor suppressor miRNAs: miR-29b and miR-30d. 

Furthermore, the presence of significant chromosomal aberrations and mutations in BC may 

also contribute to altering the genes encoding miRNAs (Sharma et al., 2014). 

For example, the amplification of genomic regions could involve the locus of miR-191/425 

which is upregulated and can promote cell proliferation and metastasis (Zhang et al., 2018). 

A similar effect is observed following the amplification of the miR-130a locus (Riaz et al., 

2013). 

Even simple single nucleotide polymorphisms (SNPs) have a significant impact on the 

expression and activity of miRNAs, and therefore on the predisposition to disease (Sun et 

al., 2009). Certain SNPs in miR-146a, miR-499, miR-125a, miR-605, and miR-182 pre-

miRNAs have been correlated with an increased risk of developing BC (Morales et al., 

2018). Chacon-Cortes et al. (2015) and Hu et al. (2009) identified specific SNPs in miR-145 

and miR-499a associated with the development of breast cancer. 

The alterations can also affect the genes encoding the miRNA processing proteins, as 

confirmed by Passon et al. (2012) who found low levels of Dicer and Drosha in triple-

negative breast cancer. 

Furthermore, the upregulation of a miRNA may be the result of the overexpression of a 

transcription factor in BC, such as the case of ZEB1 and HSF2 (heat shock transcription 

factor 2) which stimulate the miR-183/96/182 cluster. These miRNAs then determine the 

repression of oncorepressive transcription factors, such as FOXO3a (Forkhead Box O3) and 

FOXO1 (Forkhead Box O1) (Li et al., 2014). 

Another cluster that plays a critical role in BC is the miR-200b / 200a / 429 cluster, 

implicated in the inhibition of migration and metastasis processes. In fact, in MDA-MB-231, 

an epithelial cell line isolated from the breast tissue of an adenocarcinoma patient, the 

induction of miR200b determines a silencing effect against the mRNA of WAVE3, a protein 

that activates the invasion capacity of tumor cells (Sossey-Alaoui et al., 2009). Similar 

studies on other BC cell lines have also shown silencing activity against other protumor 

factors, such as SNAI1, TWIST1, TWIST2 and ZEB1 (Watson et al., 2018). 

In particular, the TWIST family basic helix-loop-helix transcription factor induces the 

expression of miR-10b which is upregulated in metastatic breast cancer. In non-metastatic 

breast cancer cell lines, the ectopic expression of miR-10b induced the processes of invasion, 

intravasation and metastasis (Ma et al., 2007). 

In contrast to miR-10b, the anti-metastatic role of miR-29b has been highlighted: it is 

induced by the transcription factor gata-binding protein 3 (GATA3) and is more present in 
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luminal breast cancers where it limits the invasive power of this subtype. In fact, the loss of 

miR-29b in these tumors causes an increase in pathogenicity and malignancy. The direct 

targets of this miRNA include a number of pro-metastatic factors involved in angiogenesis 

and remodeling of the tumor microenvironment, such as VEGFA, ANGPTL4, PDGF, LOX 

and MMP9 (Chou et al., 2013). 

GATA3 also regulates miR-30c expression binding directly to its promoter. Many studies 

have highlighted an important role of this miRNA in BC, as it intervenes in the tumor 

progression and chemoresistance, thanks to its ability to regulate the EMT. Specifically, it 

acts on the transcript of the TWF1 gene which encodes a cytoskeleton actin-binding protein 

(called Twinfilin 1), implicated in morphological and motile processes, and also in EMT and 

chemoresistance in cancer cells (Bockhorn et al., 2013). Therefore, miR-30c acts as an 

important tumor suppressor and could be used to enhance the action of anti-tumor drugs. Yu 

et al. (2010) observed that downregulation of the miR-30 family enhances tumorigenesis due 

to the upregulation of two other targets, ubiquitin conjugating enzyme 9 (Ubc9) and integrin 

b3 (ITGB3). By inducing the expression of miR-30 in BC cell lines, there is a reduction in 

their ability of self-renewal and an increased apoptosis. Recently, Jamshidi et al. (2021) 

confirmed these data, highlighting that a high expression of the miR-30 family is associated 

with a greater effect of drug treatment and with an improved BC patient survival.  
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Aim of the project 
 

miRNAs activity relies on the regulation of their cellular levels, which is the result of the 

balance between biosynthesis and decay. A novel mechanism, called Target-Directed 

miRNA degradation (TDMD), has emerged where targets with extended complementarity 

can induce the decay of their miRNAs. When we started the study of TDMD, in 2017, little 

was known about the miRNA decay. The evidence for TDMD was derived from studies on 

viral RNA targets (Cazalla et al., 2010; Marcinowski et al., 2012) and on artificial transcripts 

(Denzler et al., 2014; Baccarini et al., 2011). At that time, several aspects related to TDMD 

mechanisms needed to be investigated:  

i) the existence of endogenous RNA transcripts implicated in TDMD in 

mammalian cells and their impact in modulating miRNA activity in 

physiology (addressed in chapter 1); 

• published on Nature Communication (Ghini, Rubolino et al., 2018) 

ii) a systematic prediction of mammalian transcripts involved in the TDMD 

mechanism (addressed in chapter 2); 

• published on NAR (Simeone, Rubolino et al., 2022) 

iii) a proof-of-concept study on the relevance of the TDMD mechanism in 

modulating human cancer phenotypes (addressed in chapter 3); 

iv) a systematic identification of miRNAs controlled by TDMD in cancer 

(addressed in chapter 4).  

 

The results obtained during my PhD work are here presented, organized in four chapters. In 

each of these chapters we tried to provide new evidence about the open questions reported 

above, respectively. More specifically, in chapter 1, with the aim of identifying endogenous 

TDMD transcripts, we focused on a candidate TDMD trigger, Serpine1, and we discovered 

that it was able to degrade miR-30b/c in 3T9 mouse fibroblasts (Ghini, Rubolino et al., 

2018). In the same period, other two research groups had independently proven the existence 

of endogenous TDMD transcripts in mammalian cells: CYRANO able to induce degradation 

of miR-7 in mouse and NREP shown to degrade miR-29b-3p in mouse cerebellum 

(Kleaveland et al. 2018; Bitetti et al. 2018). In chapter 2, in order to unveil new RNA 

transcripts able to induce TDMD of their miRNAs, we developed a computational pipeline 

and free webtool, named TDMDfinder. In order to verify the accuracy of our predictions, 

we experimentally tested 37 predicted TDMDfinder, of which 17 showed TDMD effects 
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(Simeone, Rubolino et al., 2022). Therefore, TDMDfinder represented the first inventory of 

TDMD interactions. 

In chapter 3, in order to identify all the TDMD interactions potentially involved in cancer, 

we performed computational analyses using the multiomic TCGA platform (Simeone, 

Rubolino et al., 2022). Moreover, to gain a deeper understanding about the possible role of 

TDMD mechanism in human cancer, we provided a proof-of-principle validation of the 

involvement of TDMD in tumorigenesis, using breast cancer as model and focusing on a 

candidate TDMD-transcript (unpublished data).  

In 2020, the ZSWIM8 Cullin-RING E3 ubiquitin ligase substrate adaptor has been shown as 

an essential component of the TDMD mechanism (Shi et al., 2020; Han et al., 2020). In 

chapter 4, we exploited ZSWIM8 knock-down as a tool to gain a deeper understanding of 

TDMD involvement in breast cancer, identifying multiple novel TDMD miRNA substrates 

(unpublished data). In the near future, by combining ZSWIM8 manipulation, TDMDfinder 

predictions and experimental validation of candidate TDMD triggers, we aim at providing a 

complete molecular map of all the TDMD players (miRNAs and targets) involved in breast 

tumors. 
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2. Results 
 

2.1 Selection of TDMD candidate transcripts in mammalian 
genomes 

 
At the time we started our investigation into the TDMD mechanism, in 2017, the mechanism 

has been associated with an extensive complementarity between target and miRNA which 

involved a region in addition to the seed that is complementary to the 3’ end of the miRNA 

named 3’ complementary site (Bartel, 2009). In order to search TDMD candidate targets in 

mammalian cells, we retrieved, by using TargetScan database, RNA transcripts that could 

be able to degrade their miRNAs (Figure 22A). Based on the 3’ pairing contribution (3C-

score), we divided the 3C targets into three classes: 1) Low with 3C scores between -0.01 

and -0.03; 2) Mid with 3C scores between -0.03 and -0.05; 3) High with 3c scores lower than 

-0.05 (Examples in Figure 22B). The High class, with the highest complementarity, includes 

only the 0.8% of all predicted miRNA:target interactions (Figure 22C). 

 

 
Figure 22. Candidate TDMD transcripts in 3T9 cells. (A) Scheme summarizing filtering 
criteria for the selection of 3C-targets from all miRNA:target interactions in the TargetScan 
database (NCS: non-conserved sequence, CS: conserved sequence). All 3C-targets were 
further classified according to their 3C score. (B) Three classes of 3C scores were identified: 
low (from –0.01 to –0.03); mid (from –0.03 to –0.05); and high (lower than –0.05). Three 
examples are shown. (C) The fraction of 3C-targets over the number of all predicted targets 
was calculated for each miRNA and plotted as distribution, with box-plots and whiskers for 
each class of targets. 

 

2.1.1 Serpine1 is a candidate transcript for miR-30b/c in 3T9 

fibroblasts 

 
The TDMD occurrence also depend on miRNA:target relative expression levels (Bosson et 

al., 2014; Denzler et al., 2014) in a specific cellular context. We decided to focus on mouse 

3T9 fibroblasts. The selected cellular system is apt to study transcriptional changes 



50 
 

associated with the cell cycle; in fact, fibroblasts can be induced to quiescence by serum 

starvation and then induced to cell cycle re-entry by adding serum (Iyer et al.; 1999) (Figure 

23A). The choice of this fibroblast serum model to study TDMD was substantiated by two 

reasons: i) changes in gene expression related to cell cycle re-entry occur in few hours by 

avoiding miRNAs dilution by cell division; ii) data of gene and miRNA expression, 

transcription and decay were already available (Marzi et al.; 2016). We matched RNA and 

miRNA expression data to select the target:miRNA 3C pairs that could be studied in our 

cellular system. We found 18.856 pairs, in particular 1083 of them falling in the 3C-high 

class (Figure 23A). 

Then, to select a “putative” target able to degrade its miRNA, we considered two parameters: 

1) the maximum change in expression of all 3C-transcripts during the cell cycle re-entry 

(Figure 23B); 2) the maximum contribution of each target to the total 3C target pool of a 

given miRNA over the time course (Figure 23B). We found that Serpine1 showed the 

highest change in expression (maximum log2 fold change=6.92), a really high 3C score for 

miR-30b-5p and miR-30c-5p and a contribution to the 3C-target pool of 33.8% for miR-30b-

5p and 35% for miR-30c-5p. 

 
Figure 23. Strategy to select TDMD 3C pairs. (A) 3C-targets have been screened to 
determine which of them were eligible for 3T9 serum model (scheme on the right). Only the 
pairs that were found expressed in at least one condition (growing, absence of serum or time 
course upon serum stimulation) were maintained. The distribution of filtered couples based 
on the 3C-score is showed. (B) Bubble plot reporting all the filtered miRNA:target pairs 
stratified according to the target max contribution (percentage, x-axis) to the 3C-targets pool 
of a miRNA (RPKMtarget/RPKMSum_all_3C-targets) and to the target max regulation 
(log2 fold change,  y-axis) across the time course. Bubble size is proportional to target 
abundance (RPKMtarget), and target colour reflects the class of 3C-score. 
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2.1.2 miR-30b/c expression is fastly downregulated during cell 

cycle re-entry 

 
Serpine1 (PAI-1) encodes a serine protease inhibitor protein able to inhibits fibrinolysis and 

also plays an important role in the early G0>G1 transcriptional program (Iyer et al.; 1999). 

miR-30 family consists in five members that can interact with Serpine1 transcript, since it 

has a high-affinity 8-mer seed match (Figure 24).  

 

 
Figure 24. Alignment of the MRE of Serpine1 with miR-30 family components. The 
seed match is the same for all miR-30 family members and it is shown in green. The bases 
of the 3′ complementarity, which is extensive only for miR-30b (9 nt) and miR-30c (11 nt) 
are showed in red. 

Anyway, only when Serpine1 interacts with miR-30b-5p and miR-30c-5p, it forms an 

internal bulge of 5 nucleotides and an extended 3’ base pairing of 9 nucleotides in the case 

of miR-30b and 11 nucleotides for miR-30c-5p. So, Serpine1 is a candidate decay target 

only for miR-30b/c and not for miR-30a/d/e. To asses this point, we starved the 3T9 

fibroblasts and we performed a time course experiment. Upon serum stimulation of 3T9 

fibroblasts we found that Serpine1 was highly and quickly induced, by reaching a peak at 2h 

(>1000 RPKM, Figure 25). The contribution of Serpine1 to the total target pool was 

maximum at this level, indeed it represented > 90% of the entire pool of 3C high targets for 

miR-30b/c (Figure 25). 
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Figure 25. Regulation of Serpine1 during serum stimulation. Expression of Serpine1 
after serum stimulation of starved 3T9 fibroblasts (left panel). In the Right panel has been 
reported the contribution of Serpine1 expression to the entire target pool, evaluated over 
different 3C score classes. 
 

We performed small RNA library preparation and small RNA sequencing (sRNA-seq) 

results over the time course of stimulation revealed that miR-30b/c expression levels 

decreased after 4 hours upon serum addition, while the levels of other members of the miR-

30 family (miR-30a/d/e) remained unchanged (Figure 26).  

 

 
Figure 26. Regulation of miR-30 family members during serum stimulation. Expression 
of miR-30 family members after serum stimulation of starved 3T9 fibroblasts. Shown for 
each miRNA are: A) the expression level (CPM, counts per million), B) tailing events (%  
of 3NT, 3′-nontemplated isomiRs) and C) trimming events (% of TRIM, trimmed forms) in 
two biological replicates. 
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These sRNA-seq results also provided us the opportunity to monitor the effect of Serpine1 

on the level of miR-30b/c passenger strand: the expression of miR-30b/c passenger strand 

did not significantly change (Figure 27). 

 

 
Figure 27. Regulation of passenger miRNAs during serum stimulation. Expression of 
passenger miRNAs of the miR-30 family after serum stimulation of starved 3T9 fibroblasts 
was measured by sRNA-seq. 
 

TDMD has also associated with the addition of non-templated nucleotides to the miRNA 3’ 

terminus and/or removal of nucleotides at the 3’end. These processes are known as tailing 

and trimming. We used the IsomiRage tool to map tailing and trimming isomiRs (Muller et 

al., 2014). We found that the 3’ tailing of miR-30b/c was significantly increased (Figure 

26B), instead the trimming variants were slightly affected (Figure 26C). The prevalent 

modifications were adenylation and uridylation (around the 40% being A-forms) (Figure 

28). 

The abundance of miR-30a/d/e tailed and trimmed isoforms remained substantially 

unchanged throughout time (Figure 26B, Figure 26C). 
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Figure 28. Representation of the 3’ tailing modifications. Frequency of tailing for both 
miR-30c (top panel) and miR-30b (bottom panel) in growing 3T9 fibroblasts.  
 

We measured the synthesis rate of primary transcripts (pri-miRNAs) during serum 

stimulation through a pulse labeling approach (Rabani et al., 2011). Interestingly, miR-30b 

and -30c (which consists into two copies, 30c-1 and 30c-2) do not belong to the same gene 

unit, but correspond to three different genes, transcribed separately (Figure 29).  

No significant changes were observed in the synthesis rates of pri-miR-30b-30d and pri-

miR-30e-30c-1, while the pri-miR-30a-30c-2 undergoes an initial decrease followed by a 

slow increase Figure 29). 

 

Figure 29. Regulation of pri-miRNAs during serum stimulation. Synthesis rate of the 
pri-miRNAs of the miR-30 family after serum stimulation, as measured by a short pulse of 
4SU. 
 

Therefore, during the serum induced cycle re-entry of quiescent fibroblasts, Serpine1 

reached a very high concentration. Concomitantly with the target induction, the rapid and 

specific reduction of miR-30b/c levels was observed and it could be due to a direct 

degradation of the miRNA related to post-transcriptional events. 
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2.1.3 Serpine1 controls miR-30b/c abundance in the cell 

By performing absolute quantification, we investigated the expression range of Serpine1 and 

miR-30 in the cell. To do this, we created a titration curve by using synthetic miR-30 RNA 

oligonucleotides and a Serpine1 plasmid DNA template (Figure 30).  

 

Figure 30. Absolute quantification of miR-30 family members and Serpine1. Standard 
curves for the absolute quantification are reported. In the case of miR-30 members, the 
cDNA obtained by spiking synthetic miRNAs in 3T9 RNA was serially diluted (10^9 copies 
of the synthetic miRNAs were reverse transcribed and serially diluted from 10^7 to 10^2 
copies for the qPCR). For Serpine1, a plasmid where the 3'UTR of Serpine1 was cloned 
downstream of mCherry protein was serially diluited. Results were fitted into linear 
correlation. The coefficient of determination of fitting (r) and linear equation is showed.  

The results showed that miR-30c was expressed at approximately 70 CPC (copies per cell) 

in exponentially growing (GW) cells. In addition, miR-30b/c accounted for nearly 40% of 

the total copies of miR-30 (Figure 31A). 

The expression levels of miR-30c and Serpine1 are comparable in growing cells and in 

quiescent fibroblasts. Specifically, Serpine1 reaches values of 170 CPC in GW cells and 88 

CPC in quiescent cells (Figure 31B) with a target for miRNA (TPM) value of approximately 

1 (Figure 31C). 
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Figure 31. Quantitative analysis of Serpine1 and miR:30 family members. (A) 
Percentage contribution and copies per cell (CPC) for all members of the miR-30 family in 
growing cells are reported, using absolute quantification data. (B) Absolute quantification 
of miR-30c and Serpine1 in 3T9 cells. Data refer to three different biological experiments 
(average and SEM) (C) A target-per-miRNA (TPM) value was calculated using absolute 
quantification. 
 

Serum stimulation determines a notable increase in Serpine1 expression, which reaches 

about 4000 cpc after 4 hours and reaches a TPM ratio > 40 (Figure 31C). So, Serpine1 

showed both molecular and quantitative requirements to induce degradation of miR-30b/c 

through TDMD. 

To confirm the role of Serpine1 in the occurrence of the TDMD, we decided to use the 

CRISPR / Cas9 system to manipulate Serpine1 MRE. Therefore, sgRNAs were designed to 

ensure the biallelic genomic deletion of a minimal region of about 160 nt within the Serpine1 

3'UTR (Figure 32A), including miR-30 MRE. Poorly conserved MREs for miR-224 and 

miR-320 are also found in this deleted region, but these miRNAs are not expressed at 

elevated levels in 3T9 cells. 
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Figure 32. Strategy for the removal of miR-30 MRE from 3′UTR of Serpine1 by using 
CRISPR-Cas9 technology. (A) Scheme of the CRISPR-Cas9 strategy used to remove the 
miR-30 MRE from 3’UTR of Serpine1. The positions of the sgRNAs and the PCR primers 
used have been reported. (B) Characterization of MRE-KO (Knock out) clones. On the left, 
genomic PCR was used to screen for MRE-KO clones. A region which comprises the 
deletion was amplified, producing a 454 bp band in case of wild-type cells or a ~300 bp band 
in case of KO clones. Two independent MRE-KO clones were shown on the left in the figure; 
on the right, the products of PCR were sequenced to confirm the MRE deletions. 
Chromatograms (top) and sequences (bottom) with the expected deletion in the Serpine1 
locus have been reported (dashed lines mark deletion junctions). 
 

Two independent mutant clones were created, Serpine1: miR-30 MRE-KO1 and Serpine1: 

miR-30 MRE-KO2 (Figure 32B). Importantly, Serpine1 protein and mRNA expression 

were not altered by the deletion of the 3 ' UTR gene (Figure 33A). 

Furthermore, we found that, for both clones, the proliferation rates and the cell cycle profiles 

were similar to those of the corresponding parental cells (Figure 33B). 
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Figure 33. Characterization of MRE KO clones. (A) On the left, Serpine1 expression by 
RT-qPCR in wild-type (WT) 3T9 murine fibroblasts and in clones with mono-allelic (N=3) 
or bi-allelic deletion (MRE-KO1 and MRE-KO2) of the miR-30 MRE. On the right, 
Serpine1 protein level in WT or MRE-KO clones. Vinculin was used as normalizer. (B) On 
the left, cell viability of 3T9 WT and MRE-KO clones was investigated by measuring the 
ATP quantity by CellTiter-Glo assay (Promega). Luminescence (RLU, y-axis) was read after 
24hrs. On the right, cell cycle profile of growing WT and MRE-KO cells was evaluated 
performing propidium iodide staining by FACS. 
 

Then, we measured the global expression levels of miRNAs and their isoforms through 

sRNA-seq. The results showed that in both clones only a few miRNAs, including miR-30c-

5p (1.03 log2FC, p = 0.0013) and 30b-5p (0.92 log2FC, p = 0.0180), were significantly 

induced (Figure 34). 

 

Figure 34. Serpine1 control miR-30b/c degradation. sRNA-seq was performed to 
measure miRNA expression in WT (n = 4) and MRE-KO clones in growing conditions. The 
graphs show the log2 FC (MRE-KO cells compared to WT, x-axis) and the p-value (–log10, 
y-axis), by Welch’s t-test. On the left, the average log2FC of both MRE KO clones has been 
reported, instead on the right the two MRE KO clones were analyzed separately. Colour 
coding represents various miRNA families.  
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Notably, the expression levels of the other members of the family (30a-d-e), as well as of 

passenger miRNAs, did not show any change. Primary transcript levels for the three miR-

30 loci were measured by RT-qPCR without observing significant differences between 

clones and parental cells (Figure 35A). Consequently, it can be assumed that the increase in 

miR-30b/c was not attributable to an increased transcriptional activity, but to a reduction in 

their degradation rate. Also, the tailing process of miR-30b/c was reduced in both MRE-KO 

clones, especially at the level of adenylation (Figure 35B). 

 

Figure 35. Pri-miRNAs and tailing modifications measurement. (A) Pri-miRNAs for 
miR-30 family were measured by RT-qPCR in WT or MRE-KO clones (n = 3). (B) % of 
tailing events (3′NT), adenylated (A-forms) or uridylated isomiRs (U-forms) were measured 
by sRNA-seq in both WT (n =4) or MRE-KO clones (n = 3) conditions. 
 

To be sure that the increase in miR-30b/c was not due to clonal selection, we performed RT-

qPCR to absolute compare the levels of miR-30c in the MRE-KO clones with those 

measured in wild type clones or in clones exposed to Cas9 but not carrying MRE deletion 

(No-del clones). We found increased levels of miR-30c only in MRE-KO clones (Figure 

36). 

 

Figure 36. Quantitative analysis of miR-30c after CRISPR experiment. Absolute 
quantification of miR-30c in WT cells, clones exposed to sgRNA+Cas9 but not carrying 
MRE deletion (no-del) and MRE-KO clones by RT-qPCR. Bar graph shows the average and 
the SEM of independent experiments.  



60 
 

In addition, we also evaluated the effect of serum stimulation on MRE-KO cells compared 

to parental cells. In the latter, the serum determined a downregulation of miR-30b/c levels 

with a rapid increase of 3’ tailing forms (4-8 hrs post stimulation), as expected (Figure 37A 

and Figure 37B). In contrast, in MRE-KO cells, miR-30b/c undergoes no downregulation, 

but remains consistently highly expressed.  

Hence, it can be inferred that in both growing cells (stationary) and after serum stimulation 

(dynamic) conditions, the levels of miR-30b/c are controlled by Serpine1 via TDMD. 

 
Figure 37. Evaluation of miR-30 expression after CRISPR experiment. Expression of 
miR-30 family members measured by sRNA-seq after serum stimulation in WT and MRE-
KO cells. For each miRNA, expression regulation (A, log2 FC) and tailing events (B, % 
3′NT) are reported. 

 

2.1.4 Wild-type but not mutant MRE rescues TDMD 

 
To directly verify the occurrence of TDMD, we subsequently tried to rescue the interaction 

between miR-30 and Serpine1 3'UTR in MRE-KO cells. We generated three adenoviral 

constructs expressing the red fluorescent tracking protein (RFP) fused with the Serpine1 

3'UTR (Figure 38).  
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Figure 38. Strategy to re-express Serpine1 MRE. Scheme of the recombinant adenoviral 
constructs used to rescue the expression of Serpine1 WT form of the 3′UTR fused to an RFP 
reporter and two mutants (the first where miR-30 MRE had been completely eliminated 
(MUT) and the second where the 3′ complementary site had been replaced but the seed 
sequence left intact (SEED). 
 

Specifically, three different Serpine1 sequences were used: a wild-type sequence (SE1-WT), 

which includes the miR-30 MRE, and two mutant sequences, in which the miR-30 MRE was 

completely abolished (SE1-MUT) or mutated only at the level of the 3 'complementary 

region, leaving the match with the miRNA seed (SE1-SEED) (Figure 38). 

By monitoring the effects of the constructs by RT-qPCR, it was observed that RFP-SE1-WT 

resulted in a significant reduction in the levels of miR-30c and, to a lesser extent, miR-30b, 

but not of the other family members or the unrelated miRNA let-7b (Figure 39). 

 

Figure 39. Re-expression of Serpine1 MRE rescues TDMD. Bar plot showing the 
expression of miR-30 family members and Let-7b as a control by RT-qPCR in cells 
transduced with control virus (Ctrl) or with RFP-SE1-WT adenoviruses (p-values by 
Welch’s t-test). 
 

In particular, when the construct was expressed at moderate levels (~1000 CPC with a 

transduction efficiency of ~ 30%, judged by RFP + cells), a moderate decrease (~20%) in 

miR-30c was observed. On the other hand, a high expression of the construct (~10,000 CPC; 

nearly 100% RFP + cells) resulted in a significantly greater reduction of about 3 times 
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(Figure 40A, Figure 40B). In contrast, the two mutant constructs, SE1-MUT and SE1-

SEED, did not cause any variation in miRNA levels, demonstrating that mutations at the 3' 

end, by altering the complementarity of the sequence, do not allow target-directed 

degradation (Figure 40A, Figure 40B). These data were also confirmed by sRNA-seq 

analyses (Figure 40C). 

 

Figure 40. Absolute quantification of Serpine1 3’UTR and miR-30c in the rescue 
experiment. (A, B) Absolute expression (copies\cells) of Serpine1 3′UTR mRNA and miR-
30c determined by RT-qPCR. Adenoviruses were expressed at two different multiplicities 
of infection (MOI ~1 and ~5). *p < 0.05, ***p < 0.001, Welch’s t-test. (C) sRNA-seq was 
performed to measure miRNA expression in MRE-KO cells that express both a WT (n = 5) 
and a MUT (n =4) 3′UTR of Serpine1. The graph shows the average log2 FC (x-axis) and 
the p-value (–log10, y-axis) by Welch’s t-test. Colour coding represents different miRNA 
families. 
Furthermore, the RFP-SE1-WT construct also altered the level of the tailing variants, 

especially increasing the adenylated fraction of miR-30c and miR-30b (Figure 41). 

 

Figure 41. Evaluation of tailing events in the rescue experiment. % of tailing events, 
distinguished as adenylated (A-form), uridylated (U-form), or mixed isomiRs (A/U-mixed), 
as measured by sRNA-seq. p-values by Welch’s t-test. 
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We then studied the 3’ pairing between Serpine1 and miR-30c in the context of ectopic MRE 

expression, using different Serpine1 mutants. We observed that the TDMD was almost 

completely abolished with four mismatches in the 3' end, while it underwent only a limited 

reduction when the central bulge size was increased up to seven nucleotides (Figure 42A, 

Figure 42B), suggesting that the 3C type is one of the crucial features for TDMD to occur. 

 

Figure 42. Expression of mutant binding sites for miR-30. (A) Scheme of the mutant 
Serpine1 3’UTR constructs (see Methods) that were designed to dissect TDMD 3′ pairing 
rules. Seed in green and 3′ complementary pairing in red. (B) Absolute expression 
(copies\cells) of miR-30c measured by RT-qPCR after over-expression of Serpine1 3’UTR 
mutants. *p < 0.05, ***p <0.01, Welch’s t-test. 

 

2.1.5 miR-30 activity is modulated by Serpine1 

 
We hypothesized that the endogenous targets involved in TDMD should control the global 

activity of miRNAs by inducing de-repression of shared targets, similarly to ceRNA 

competition (Bosson et., al 2014; Denzler et al., 2014). Instead, blocking TDMD, as we did 

in MRE-KO cells, should lead to an increase in miRNA activity (Figure 43). 
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Figure 43. Scheme representing expected miR-30c activity of WT and MRE-KO cells. 
Canonical targets are in blue and TDMD transcripts in red. When TDMD is suppressed by 
removing the MRE from a TDMD target, miRNA increases in quantity and it is redistributed 
on their targets thus increasing its activity of repression. 

  

To study miR-30c activity on endogenous targets at a global level, the complete 

transcriptome of parental cells and MRE-KO was measured, both in steady state (growing - 

GW) and after stimulation with serum (TC). By focusing our attention on the genes that were 

expressed in both conditions (n=9619), we defined miR-30 targets based on TargetScan7.1 

computational predictions and we found 897 conserved (CS) and 1793 non-conserved (NCS) 

interactions. First the dynamics of miR-30 predicted targets in wild-type cells was evaluated. 

As shown in Figure 26, miR-30b/c expression strongly decreases 4hrs after serum 

stimulation. Conversely, predicted targets were more induced after 8 and 12h upon serum 

stimulation (Figure 44). 

 

 

Figure 44. Analysis of the dynamics of targets after serum stimulation in WT 3T9 cells. 
Cumulative distribution functions (CDF) of log2FC over starved cells are shown for 
TargetScan predicted mir-30 targets conserved (CS) or not conserved (NCS). 

 

Subsequently, the target repression in MRE-KO and wild type cells was compared. After 

serum stimulation, we previously demonstrated that the reduction of miR-30b/c was 



65 
 

abrogated in MRE-KO cells (see Figure 37). As expected, we observed a significant 

repression of miR-30c predicted targets either in asynchronously growing MRE-KO cells 

(Figure 45A) or in serum-stimulated cells at 8 and 12 hours (Figure 45A, Figure 45B). 

Taken together, these data substantiate the role of Serpine1:miR-30b/c interaction in control 

the activity of miR-30 targets. 

 

 

Figure 45. miR-30 activity increases in MRE KO cells. (A, B) Cumulative distribution 
functions (CDF) of log2 FC of mRNA (MRE-KO vs WT) for CS, NCS targets and genes 
not predicted as targets (Other). 
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2.2 Identification of TDMD pairs in human and mouse 
transcriptomes 

 
In the previous chapter, we provided molecular evidence that the endogenous transcript 

Serpine1 controls the expression levels of miR-30b-5p and miR-30c-5p through TDMD 

mechanism in mouse fibroblasts (Ghini et al., 2018). Additional TDMD interactions has 

been described by other groups, one between the endogenous RNAs libra / Nrep and miR-

29b-3p and the other between Cyrano and miR-7-5p (Bitetti et al., 2018; Kleaveland et al., 

2018). Remarkably, these independent studies suggest that endogenous TDMD is widely 

involved in sculpting the levels of many miRNAs in several cellular contexts. Anyway, it is 

still unknown how many endogenous TDMD interactions exist. Indeed, the commonly used 

target predictive algorithms, such as TargetScan, miRanda or miRDB, that provide 

information about possible miRNA targets, rely on a scoring system (e.g. context score) that 

focuses on the seed region and, therefore, does not allow to specifically search for TDMD 

triggers. Therefore we decided to attempt a genome-wide identification of the potential 

TDMD interactions, by performing an integrative bioinformatics analysis on all the 

TargetScan predicted miRNA:target pairs. We focused on the structural features shared by 

all TDMD pairs so far reported  (Cazalla et al., 2010; Bitetti et al., 2018; Kleaveland et al., 

2018; Ghini, Rubolino et al., 2018) (Figure 46A, Figure 46B), as: i) the number of 

consecutive nucleotides pairings at the miRNA 3' end (3C pairing), ii) the size of the central 

bulge and iii) the miRNA:target hybridization energy (minimal free energy, MFE).  

 
Figure 46. miRNA:TDMD trigger interactions. (A) On the top, the different types of 
miRNA:target interactions (canonical and TDMD) are shown. Below, panel describes the 
MDE (miRNA Degradation Element) and the nomenclature used to classify 3’ 
complementarity (3C) types. (B) Schematic representation of the MDEs of known viral (on 
the left) and endogenous (on the right) TDMD targets. Their structural and thermodynamic 
features are described: minimal free energy (MFE) of the interaction, bulge and 3C type. 
MFE is reported as a ratio over an optimal TDMD duplex. 

 

We implemented a pipeline, based on a custom R function, to compute these parameters for 

miRNA:target pairs (Figure 47A). Briefly, we performed pairwise sequence alignments 
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between miRNAs and targets based on a seed-anchoring approach, using 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 potentially TDMD-like 

structure by computing all the relevant quantitative parameters of the bipartite duplex (seed, 

3C pairing and central bulge, altogether forming the “miRNA Degradation Element” or 

MDE, Figure 46A).  

More than 10 million of miRNA:target pairs were analyzed for each of the two genomes. 

Then, a set of “Predicted TDMD-pairs” was defined based on the following rules (Figure 

47A): i) a 3C pairing region at least 7 consecutive bases long, tolerating only one G:U 

wobbles (Figure 46A “3C type”) ii) the presence of a bulge from 2 to 8 nucleotides, and iii) 

a miRNA:target hybridization energy at least 0.7 times greater than that of a theoretically 

perfect TDMD duplex (“MFE ratio” ≥ 0.7) in order to eliminate energetically unstable pairs 

generated by the alignment. Overall, the Predicted TDMD set includes 0.8% (Figure 47B) 

of all interactions either in human or in mouse, with a total of ~2,000 conserved (CS) and 

over 100,000 non conserved (nCS) interactions. Data are available online on the 

TDMDfinder webtool, where users can freely explore and query the full dataset for TDMD 

predictions on a specific transcript and/or miRNA. 

 

 
Figure 47. Identification of TDMD interactions in human and mouse transcriptome. 
(A) The schemes illustrate the workflow used to identify and investigate TDMD interactions: 
TDMDfinder pipeline. (B) The criteria used to classify “Predicted TDMD” interactions are 
reported. 
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2.2.1 Features of the predicted TDMD-pairs 

Of the criteria used to select for TDMD, the MFE ratio and the 3C consecutive pairing type 

resulted to be more stringent (Figure 48). In the case of the conserved human transcripts, 

19% of pairs showed a MFE ratio > 0.7, while only 2.9% of pairs met the 3C consecutive 

match requirement (Figure 48A, Figure 48B, Figure 48C). Although TDMDs were 

selected without considering 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 48D). 

 

 

Figure 48. TDMD interactions features. (A-D) Features of genes and miRNAs involved 
in predicted endogenous TDMD. Bar plots describes the distribution, across all human 
conserved TargetScan predictions (ALL), the Predicted and the HC TDMD pairs, of the 
TDMD pair features. Predictions by TDMDfinder were based on: MFE ratio class (A), 3C 
type (B), bulge extension (C) and seed match (D). 

 
Analyzing the predicted sets for both humans and mouse, n7 was the most represented 3C 

type (about 25% of the predicted pairs) with at least 7 consecutive bases without G:U 

(Figure 49A). We annotated experimentally validated direct interactions either reported in 

the Human TarBase (Helwak et al., 2013) or obtained from intramolecular ligation-based 

approaches (CLEAR-SEQ and CLASH) (Moore et al., 2015; Pawlica et al., 2016). Globally, 

more than 20% of predicted TDMDs were found to correspond to validated interactions 

(Figure 49B). The overlap with each of the three validated data sets was significantly 

enriched (Figure 49C). 
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Figure 49. Characteristics of predicted TDMD pairs. (A) Number of Predicted TDMD 
pairs identified in the conserved (CS) and non-conserved (NCS) target groups. Data are 
stratified according to their 3C-type and MFE ratio class. (B) Human Conserved Predicted 
TDMDs are shown. Data are stratified according to their target validation status. (C) The 
frequency (%) of the validated transcripts was computed in the TargetScan database (ALL) 
and in the Predicted and High Confidence (HC) TDMD pairs sets (p-values by Chi-test). 

Phylogenetic conservation, generally limited to the seed pairing region, is a key feature of 

miRNA target sites which are biologically functional (Bartel, 2018). However, we observed 

that in previously known endogenous TDMD triggers, such as Serpine1 and Nrep (Bitetti et 

al., 2018; Kleaveland et al., 2018), phylogenetic conservation extended also to the 3C pairing 

region (Figure 50A). Overall, when compared to canonical MREs, the 3C pairing regions 

in MDEs of both Predicted and HC TDMDs were only marginally more phylogenetically 

conserved (Figure 50B). When the conservation score (PhyloP) was individually assigned 

to predicted MDEs, 40% (829/2069) of them showed significant phylogenetic conservation 

(PhyloP score ≥ 2, which means P-value ≤ 0.01 in -log10 scale), suggesting a probable 

selective pressure (Figure 50C). Phylogenetically Conserved predicted TDMDs are also 

reported online, in the TDMDfinder tool. 
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Figure 50. Phylogenetic conservation analysis. (A) A typical phylogenetic conservation 
analysis is shown. On the top, there is an example of PhyloP scores for a canonical 
interaction between miR-30c and TWF1, a canonical target with a non-conserved MRE. 
Below, the same analysis was performed for miR-30c and SERPINE1, a TDMD transcript 
with a conserved MDE. (B) Representation of the mean PhyloP conservation score at single 
nucleotide level. The analysis was performed for Predicted and HC MDEs and for control 
MREs. The conservation score is provided for 50 bases upstream from the 30 bases 
downstream from the nucleotide matching miRNA 5’ end. (C) Phylogenetic Conservation 
of Predicted TDMD pairs measured by PhyloP scores (average conservation over the whole 
3C pairing region). 

 

2.2.2 Features of genes and miRNAs predicted to be involved in 

TDMD 

Human-predicted TDMD interactions consist in a total of 1457 different TDMD genes (i.e. 

11.8% of genes with at least one preserved MRE) and 324 different miRNAs (87.6% of 370 

miRNAs with at least one CS target). Therefore, most miRNAs are probably susceptible to 

TDMD degradation, instead a relatively small group of genes is potentially capable of 

triggering TDMD. On average, each miRNA reported 5 CS Predicted MDEs and 36 NCS 

Predicted MDEs (Figure 51).  

 

Figure 51. Number of transcripts per miRNA. Canonical targets (on the left) or Predicted 
TDMD (on the right) are considered and divided according to conserved (on the top) and 
non-conserved (below) targets. Average values (Ave) and interquartile ranges (IQ) are 
reported. 
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We performed a correlation analysis to evaluate and compare the number of conserved 

MREs (canonical transcripts predicted by TargetScan) and that of MDEs (TDMD triggers 

predicted by TDMDfinder). For some of the miRNA families, for example miR-15, miR-17, 

miR-302, miR-28, known to include several members and/or to have a complex genomic 

organization, a larger number of CS TDMD interactions was predicted (Figure 52A). As for 

the NCS TDMD pairs, they were found to be unusually over-represented in the miR-17 

family (Figure 52B, Figure 52C). 

 

 

Figure 52. Correlation analysis to compare the number of canonical targets and TDMD 
transcripts. (A, B) Correlation between the number of canonical and TDMD targets for 
conserved (A) and non-conserved pairs (B) is described in a bivariate analysis with linear 
fitting. Outlier families are highlighted. (C) Bivariate analysis correlating the frequencies of 
TDMD transcripts calculated over total conserved (CS) and non-conserved (NCS) 
interactions. Outlier families are reported. 
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The genes predicted to establish TDMD interactions (TDMD genes) showed some particular 

characteristics. Compared to canonical target genes, they exhibited significantly longer 3' 

UTRs and remarkably more MREs, which were also at a higher density (Figure 53A). MRE 

and MDE were similarly positioned within the 3'UTRs (Figure 53B) and had similar 

inclusion rates in alternative transcription isoforms (Figure 53C). 

 
 

 

Figure 53. Main features of Predicted MDEs. (A) 3'UTR region length (Kilobase) (top), 
number (Total MRE+MDE) (center) and density (number of MREs per Kilobase) in 
conserved canonical target and TDMD genes are reported (***p < 0.001, Wilcoxon test). 
(B) Cumulative distribution function (CDF) plot of MREs and MDEs relative positions (0-
100 scale) within their 3'UTR regions. The data are evaluated in canonical targets and 
TDMD predicted genes, respectively. (C) The plot shows the frequency (%) of site retention 
among alternative isoforms, measured for both MREs and MDEs. 3Pseq data from 
TargetScan 7.2 were used to estimate affected isoform ratios (AIR, 0-100). 

 
Regarding their biological functions, TDMD genes were enriched both for development 

related ontologies, with particularly overrepresented neuronal functions, and for pathways 

and upstream regulators that are frequently altered in human cancer, such as estrogen, P53, 

WNT and TGF-β signaling (Figure 54A, Figure 54B, Figure 54C). By performing tissue-

specific expression analysis, it was observed that most of the TDMD genes were expressed 

in several tissues, while 99 of them were highly specific for the brain (Figure 54D). This 

might reflect the higher propensity of TDMD mechanism to occur in the brain, where it was 

primarily described as being particularly active (de la Mata et al., 2015; Ghini, Rubolino et 

al,. 2018). 
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Figure 54. Features of Predicted TDMD genes. (A) Upstream regulators enriched among 
the 1457 Predicted TDMD genes (IPA, Qiagen). The pathways with a -log10 pValue > 5 are 
reported. (B) Canonical pathways enriched among the Predicted TDMD genes (IPA, 
Qiagen); k indicates the fraction of genes in the intersection of predicted genes with indicated 
pathways, while K indicates the total number of genes in each set. (C) Two-way clustering 
of Predicted TDMD genes (columns) and enriched Gene Ontologies (rows); statistically 
significant GOs, as determined through the “compute overlaps'” tool at MSigDB, are shown 
in black. Clustering highlights group of GO which are functionally related, as reported in the 
legend above the graph. (D) Two-way cluster (ward method) showing the specificity score 
(JS Score) of Predicted TDMD genes in different tissues. The higher is the JS score, the 
stronger is the specific expression of a gene only in a fraction of the samples under 
examination. Expression data were obtained from GTEx dataset. The cluster in red 
highlights brain derived samples. 



74 
 

2.2.3 Strategy for the experimental validation of predicted 

TDMD-pairs 

In order to experimentally verify the accuracy of the TDMDfinder predictions, we selected 

38 predicted TDMD interactions, related to 25 different TDMD-genes and 9 miRNA 

families (Figure 55).  

 
Figure 55. List of the predicted TDMD pairs tested. Each square represents a miRNA 
degradation element (MDE). MDEs that target the same miRNA family are grouped. The 
number reported in the squares describes the total number of interactions. Colored squared 
indicate that at least one of the corresponding TDMD pairs has been positively validated. 

 

We focused our attention on miRNA families that have i) phylogenetically conserved seed 

region, ii) whose miRNA members are expressed in HeLa cells (used for the experimental 

validation) and iii) have been reported as relevant for human cancer (according to the 

literature). As positive control, we used the SERPINE1:30c interaction, which we have 

previously identified and validated in mouse fibroblasts (Ghini, Rubolino et al., 2018). To 

verify the occurrence of TDMD we used an approach, named ‘TDMD assay’, based on the 

ectopic overexpression of GFP reporter plasmids containing in their 3’UTRs the MDEs of 

the predicted TDMD transcripts with high (>90%) transfection efficiency (Figure 56A, 

Figure 56B).  
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Figure 56. Strategy for the validation of TDMD interactions: the TDMD assay. (A) 
Summary procedure of the TDMD-assay. For each candidate, a region (~100bp or ~400bp 
depending on the construct) containing the predicted MDE was cloned into a GFP vector 
and transiently overexpressed in HeLa cells. (B) The bar chart shows the relative expression 
of the different constructs using RPLP0 as reference. 

 

To prove the specificity of the observed effect, negative controls were used: i) the empty 

GFP vector (CTRL_GFP), the GFP vector encoding either ii) a scramble sequence (SCR) or 

iii) a mutant form of the MDE of interest, obtained by deleting the 3C pairing region while 

leaving the seed pairing sequence (SEED) intact. The expression levels of the target miRNAs 

were measured by RT-qPCR and small RNA-sequencing (sRNA-seq). sRNA-seq was used 

to monitor the expression levels of guide and passenger miRNAs. In fact, TDMD is acting 

at post-transcriptional level and, therefore, we expect that each tested MDE should be able 

to repress the expression of the cognate guide miRNA only, with no effects on the passenger 

miRNA. Indeed, when using the MDE of SERPINE1, miR-30c and -30b were significantly 

reduced, as predicted (Figure 57A, Figure 57B, Figure 57C) and sRNA-seq confirmed that 

the passenger strands for both miR-30c and -30b did not significantly change (Figure 57C, 

Figure 57D). Also, 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. When we tested these two artificial “optimal TDMD”, 

we found that TDMD uncouples the expression of the two miRNAs strands by targeting 

specifically the guide strand (Figure 57E, Figure 57F). Hence, these data demonstrated that 

the “TDMD assay” is an effective strategy for testing TDMDfinder predictions. 
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Figure 57. TDMD assay on SERPINE1:miR.30b/c pairs. (A) TDMDfinder predictions 
output for SERPINE1 trigger and miR-30 family. (B) Results of TDMD assays, for 
SERPINE1 and miR-30 family. The bar chart shows the mature miRNAs levels measured 
by performing RT-qPCR (+/- SEM, N=biological replicates) and normalized over 
CTRL_GFP.  The unrelated Let-7d miRNA was also measured. SNORD72 was used as 
normalizer.  p-values were calculated by Dunnet’s t-Test, using the SCR group as reference. 
(C) Small-RNA sequencing results of the TDMD assays. On the left, the scatter plot of the 
regulations (log2 fold changes of MDE vs CTRL, y axis) over the expression (reads per 
million, x-axis) of all detected miRNAs is shown. The colored dots represent the members 
of the targeted miR-family (guide and passenger miRNAs). On the right, it is shown the 
volcano plot highlighting the miRNAs statistically deregulated (p-values by Student’s t-test 
< 0.05 and log2FC > |0.5|). (D) sRNA-seq measurement of mature miRNAs levels upon 
SERPINE1 assay for the entire miR-30 family, with guide and passenger miRNAs is shown. 
CTRL_GFP is used as normalizer. (E, F) Small-RNA sequencing results related to two 
control TDMD transcripts (“Optimal_TDMD”) that were designed in order to promote the 
specific decrease in miRNAs belonging to the miR-17 family (E) and the miR-26 family (F). 
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2.2.4 Validation of the predicted TDMD pairs 

 
Next, we applied the same strategy to measure the effects of 37 predicted TDMD interactions 

that were selected for the validation. By using either RT-qPCR or sRNA-seq, we observed 

a significant reduction in the levels of the predicted guide miRNAs and negligible 

differences in the levels of the passenger miRNAs in 20 of the 37 tested pairs (Figure 58).  

 
Figure 58. Experimental validation of predicted TDMD interactions. (A-L) Results of 
TDMD assay, divided for miRNA family. The plots (A, C, E, G, I, K) show mature miRNAs 
expression levels (+/- SEM, N= number of replicates) measured by performing RT-qPCR 
and normalized over CTRL_GFP. The unrelated miRNA, Let-7d, was also measured. 
SNORD72 was used as housekeeping gene. P-values were calculated by Dunnet’s t-Test, 
using the SCR/SEED group as reference. Plots (B, D, F, H, J, L) show mature miRNAs 
levels for the all miRNA family, with guide and passenger miRNAs) measured by sRNA-
seq and normalized over CTRL_GFP. Above each bar graph are indicated the predicted 
interactions (gene:miRNA, in red when the prediction was confirmed). 
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Besides finding a new trigger for miR-30c (GIGYF1:30c, Figure 58A, Figure 58B), a 

member of a family already known to be regulated by TDMD, five other families were 

found: miR-221 (CRKL:221, BCL2L11:221, Figure 58C, Figure 58D), miR-17 

(IQSEC1:20a/106b, ZFYVE26:106b, MAP3K9:106b, ACPL2:17 Figure 58E, Figure 58F), 

miR-19 (RAB21:19a/b, PTEN:19b, TMEM196:19a/b, Figure 58G, Figure 58H), miR-26 

(HGF:26b, Figure 58I, Figure 58J) and miR-23 (C8orf58:23a/b, Figure 58K, Figure 58L). 

Three TDMD pairs were excluded from the set of validated interactions as they showed 

differences in the levels of the passenger miRNAs by sRNA-seq: REEP4:26b, ACPL2:20a 

and ZFYVE26:20a (Figure 58F, Figure 58J). Three other families (miR-196 miR-148, 

miR-301) were tested, but their predicted MDEs did not trigger significant effects (Figure 

59A, Figure 59B). 

To further confirm that the miRNA levels decrease was due to a post-transcriptional 

mechanism, the primary transcript levels (pri-miRNAs) for two of the miRNA families 

(miR-30 and miR-19, Figure 59C, Figure 59D) were measured. In both cases, the 

expression levels of pri-miRNAs are unable to explain the observed change in miRNA 

levels. In conclusion, these results showed that 17 out of the 37 tested interactions and six 

distinct miRNA families are susceptible to TDMD when MDEs are overexpressed in HeLa 

cells. 

 
Figure 59. Experimental validation of predicted TDMD interactions. (A, B) Results of 
TDMD assays for miR families that were not validated. (A) The bar chart shows mature 
miR-196a relative expression (+/- SEM) using SNORD72 as reference. Expression levels 
were measured by RT-qPCR (on the left) or by small-RNA-seq (on the right). (B) The bar 
charts show mature miR-148a and miR-301a relative expression (+/- SEM) using SNORD72 
as reference, measured by RT-qPCR. (C, D). The bar chart shows miR-30b/c and miR-19a/b 
primary transcripts relative expression (+/- SEM) using RPLP0 as reference, measured by 
RT-qPCR. Pri-miR-19b-2 was not detected in HeLa cells and it is not shown. 
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2.2.5 Identification of High-Confidence (HC) TDMD pairs 

To correct for any transcriptional effect on miRNA levels that might have been caused by 

the assay, we calculated the “TDMD net effect” by normalizing the reduction in the 

expression of each guide miRNA for the regulation (if any) in the levels of its passenger. 

Eight MDEs, corresponding to 10 interactions, displayed a strong TDMD net effect (-0.5 

log2 normalized decrease; Figure 60A): GIGYF1 and SERPINE1 (miR-30c), MAP3K9 and 

ZFYVE26 (miR-106b), RAB21 (miR-19a/b), BCL2L11 and CRKL (miR-221) and C8orf58 

(miR-23a/b). Through a contingency analysis, we compared the “net TDMD effect” with the 

predicted TDMD interactions features. Stronger TDMD effects were significantly related to 

MDE characterized by extensive (n7) 3C pairings, high binding energy (MFE ratio ≥ 0.8) 

and with bulges larger than 4 nucleotides. (Figure 60B).  

 
Figure 60. Summary of validation results. (A) The validation results are summarized in 
the table (on the left) and in the pie charts (on the right). The results were expressed as 
“TDMD net effect”, normalizing the log2FC (MDE vs CTRL) of the guide over the 
associated passenger miRNA by sRNA-seq. (B) Contingency analysis are shown. The 
“TDMD net effect” classes are correlated to TDMD predictions features (p-values by Chi-
test). 

 
No significant associations were found with the level of phylogenetic conservation, the 

number of matches at the miRNA 3’ end or with whether or not the miRNA:target interaction 

of interest had been experimentally verified (according to Tarbase) (Figure 60B). However, 

a positive trend was found in all of the above features. Notably, all the strongest interactions 

belonged to either the n7 or the n6+ 3C type and had a MFE ratio of at least 0.8 (Figure 

61A), and for this reason they have been grouped into a “High Confidence TDMD” set (HC 

TDMD), including miRNA:target interactions with the highest probability of being actual 

TDMD couples. The HC set consists in the ~0.2% of all interactions, with 606 and 521 CS 
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pairs in human and mouse, respectively. About 29% of the Human Predicted TDMD Set is 

retained in the HC set (Figure 61B). All HC TDMD interactions have been annotated in the 

TDMD finder webtool. 

 

Figure 61. High Confidence set definition. (A) Box plots of the “TDMD net effects”. 
TDMD interactions are grouped according to MFE ratio (on the left) or 3C type (on the right) 
(p-values and Chi-square by Wilcoxon test). (B) Criteria used to classify High-Confidence 
TDMD pairs in human and mouse are shown. 

 

2.2.6 TDMDfinder predicts selective TDMD effects for miRNA 

families 

sRNA-seq data were used to evaluate if TDMDfinder could selectively predict the effect of 

several MDEs on different members of the same miRNA family, which share the same seed 

sequence and therefore are associated with similar sets of canonical targets, but often display 

different 3’ ends and therefore are in theory susceptible to post-transcriptional regulation by 

different sets of MDEs. For example, TDMDfinder predicts that the members of the miR-30 

family are differently susceptible to TDMD, due to the different pairing conformations they 

adopt when binding their triggers (Figure 62).  
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Figure 62. Schematic summary of miR-30 family predictions selected for the 
experimental validation. On the top, the guide miRNA sequences and the genomic cluster 
organization are shown. The seed and 3C pairing regions are highlighted. Below, the 
TDMDfinder predictions of miRNA:target alignment are reported in the tables. The scores 
for MFE ratio, Bulge extension, 3C and 3C type are also shown. Alignment and features are 
available in the online tool. 

 
sRNA-seq results from the TDMD assay experiments confirmed that validated miR-30 

TDMD targets (SERPINE1, GIGYF1) significantly altered the expression levels of only few 

miRNAs and exhibited a clear specificity. Specifically, SERPINE1 repressed both miR-30b 

and miR-30c levels (Figure 63A), instead GIGYF1 acted only on miR-30c (Figure 63B).  
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Figure 63. sRNA-seq results of miR-30 family predictions by TDMD assay. (A, B) On 
the left, the scatter plot shows the fold changes (log2 of MDE vs CTRL, y axis) over the 
expression levels (reads per million, x-axis) of all the detected miRNAs. The colored dots 
represent the members of the targeted miR-family (guide and passenger miRNAs) and the 
co-clustered miRNAs (if any). On the right, the volcano plots highlight miRNAs regulated 
in a statistically significant manner (p-values by Student’s t-test <0.05 and log2FC >|0.5|). 

 
In the case of the miR-221 and miR-26 families, TDMDfinder also predicted different 

susceptibility to TDMD because of a very different type of 3C pairing and energetic stability 

(Figure 64A, Figure 64B).  
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Figure 64. Representation of miR-222 and miR-26 family predictions selected for the 
experimental validation. (A, B) On the top, guide miRNAs sequences and genomic cluster 
organization are reported. The seed and 3C pairing regions are highlighted. Below, the 
TDMDfinder predictions of miRNA:trigger alignment are showed in the tables. The scores 
for MFE ratio, Bulge extension, 3C and 3C type are also shown. 

 

Coherently, CRKL1 is able to discriminate between miR-221 and miR-222 (Figure 65A) 

and HGF discriminated miR-26b from miR-26a (Figure 65B). On the contrary, BCL2L11, 

which had been predicted to interact only with miR-221 (Figure 64A), could significantly 

repress miR-222 too (Figure 65A). Notably, we observed that a different alignment with a 

3C pairing, made up of 6 consecutive nucleotides at the miRNA 3’ end, is also possible and 

might explain this effect (Figure 64A).  
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Figure 65. sRNA-seq results of miR-222 and miR-26 family predictions by TDMD 
assay. (A, B) The scatter plot shows the fold changes (log2 of MDE vs CTRL, y axis) over 
the expression levels (reads per million, x-axis) of all the detected miRNAs. Above each 
panel the predicted TDMD pairs and number of replicates (N) are showed. The colored dots 
represent the members of the targeted miRNA family (guide and passenger) and the co-
clustered miRNAs (if any) (p-values by Student’s t-test < 0.05 and log2FC >|0.5|). On the 
right, the volcano plots highlight miRNAs statistically significant regulated (p-values by 
Student’s t-test < 0.05 and log2FC >|0.5|). 

 

Regarding the miRNAs belonging to each of the remaining families (miR-17, miR-19 and 

miR-23), similar 3’ end sequences have been observed, so TDMDfinder predictions were 

less selective, with the same MDE directed to different family members (Figure 66A, 

Figure 66B, Figure 66C).  
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Figure 66. Representation of miR-17, miR-19 and miR-23 family predictions selected 
for the experimental validation. (A, B, C) Guide miRNAs sequences and genomic cluster 
organization for miR-17 (A), miR-19 (B) and miR-23 (C) families. The seed and 3C pairing 
regions are highlighted. TDMDfinder predictions of miRNA:target alignment are reported 
in the tables. The scores for MFE ratio, Bulge extension, 3C and 3C type are also shown. 
Alignment and features are available in the online tool. 

 
Coherently, sRNA-seq results were more widely distributed, with multiple members of the 

predicted miRNA families being repressed (Figure 67A, Figure 67B Figure 67C). 

In the case of some MDEs (i.e. ZFYVE26, RAB21, TMEM196 and PTEN), unrelated 

miRNAs were also regulated, possibly as a result of secondary effects in these TDMD tests. 

Interestingly, as predicted by TDMDfinder, miR-106b, whose 3C region is the most 

divergent within the miR-17 family, was specifically repressed by MAP3K9 (Figure 66A 

and Figure 67A). 



86 
 

In conclusion, TDMDfinder predictions could point out if TDMD selectively affects 

different members of the same miRNA family. This could happen in the case of miRNAs 

whose 3C regions are sufficiently different. 

 
 

Figure 67. sRNA-seq results of miR-17, miR-19 and miR-23 family predictions by 
TDMD assay. (A, B, C) sRNA-seq results of the TDMD assays experiments. The scatter 
plot shows the fold changes (log2 of MDE vs CTRL, y axis) over the expression levels (reads 
per million, x-axis) of all the detected miRNAs. Above each panel the predicted interactions 
and the number of replicates (N) are reported. The colored dots represent the members of 
the considered miRNA family (guide and passenger) and the co-clustered miRNAs (if any) 
(p-values by Student’s t-test < 0.05 and log2FC >|0.5|). 
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2.3 Analysis of TDMD interactions in cancer datasets 
 
In Chapter 2, we identified TDMD triggers by a predictive tool based on sequence alignment 

and structural features calculations. Nonetheless, the TDMD mechanism depends also on 

quantitative parameters, primarily the expression levels of both the miRNA and the target 

(Bitetti et al., 2018; Sheu-Gruttadauria et al., 2019; Han et al., 2020), which were not taken 

into consideration. We used the multi-omic molecular landscape of human tumors provided 

by The Cancer Genome Atlas (TCGA) to retrieve miRNA and mRNA expression data in 21 

cancer datasets for a total of 8572 tumor samples (Figure 68A). We focused on the High 

Confidence TDMD subset, which contained 606 miRNA:target pairs. For each of these pairs 

we retrieved information about miRNA expression and target expression (Figure 68B, 

Figure 68C) and performed a series of correlation analysis to investigate which TDMD 

interactions might be relevant in human cancer. 

  

 
Figure 68. “Pan-cancer” analysis. (A) Number of samples used in the correlation analysis, 
divided considering the tumor type. (B) Scheme of the strategy used to analyze HC TDMD 
pairs in human cancer. (C) Steps followed to identify Pan-cancer supported TDMD 
interactions, with number of pairs that passed the filtering process and of those that did not 
(grey bars). 

 

We hypothesized that if TDMD is occurring, there should be a negative correlation in cancer 

samples between the TDMD trigger (i.e. the transcript) and its associated miRNA (“miRNA 

Expression Test”). For example, in the case of SERPINE1:miR-30c interaction, a significant 

Spearman negative correlation was observed in multiple (N=18) cancer types (Figure 69A). 

The reduction of miRNA expression levels by TDMD should also produce effects on 

miRNA activity (i.e. the ability of a given miRNA to repress its canonical targets), as 

observed for previous endogenous TDMDs (see Chapter 1 and Ghini, Rubolino et al., 2018). 

Therefore, we exploited the “ActMiR score” (Lee et al., 2016), a computational method for 

explicitly inferring the activity of miRNAs based on the changes in the expression levels of 

target genes in cancer datasets and measured the correlation between the TDMD-transcript 

and miRNA activity (“miRNA Activity Test”). Indeed, we observed a significant negative 
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Spearman correlation in many cancer types (N=15) between SERPINE1 expression and 

miR-30 activity (Figure 69B), confirming that this TDMD interaction is potentially 

occurring in human cancers.  

 

 
Figure 69. Spearman correlation analysis. (A, B) Bivariate analysis, linear fitting and 
Spearman correlation results (R and p-values), between the TDMD target and the expression 
(A) or the activity (B) (TPM, transcripts per million) of its associated miRNA. Reported are 
the tumor types with significant anti-correlation for both the miRNA Expression and the 
miRNA Activity test. 

 

We considered as relevant those TDMD interactions that showed significant anti-correlation 

in both the miRNA Expression and miRNA Activity tests in the same cancer type. To avoid 

any possible bias from individual tumor datasets (e.g., tumor purity, molecular subtypes, 

genetic events), we focused on TDMD pairs that gave significant and consistent scores in 9 

or more cancer types (Figure 70A, Figure 70B). These TDMD pairs were named as “Pan-

cancer supported” and comprised 36 interactions, 28 triggers and 30 MDEs. This list 

includes previously known endogenous TDMDs, such as SERPINE1 and NREP, and others 

validated by the TDMD assay (ZFYVE26, RAB21, PTEN, IQSEC1, BLC2L11) (see chapter 

2 and Simeone, Rubolino et al., 2022). Interestingly, the predicted miRNAs well-known 

oncogenic (miR-19, miR-17) and tumor-suppressor families (let-7, miR-30, miR-34, miR-

33), suggesting TDMD as a new potential oncogenic mechanism. 
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Figure 70. Identification of “Pan-cancer” TDMD interactions. (A) Bar chart with the 
distribution of TDMD interactions that ranked positively (Rho < -0.05 and p < 0.05) for both 
miRNA Expression and miRNA at least in one tumor. 36 pairs were named “Pan-cancer 
supported” TDMD interactions (in red), as they scored positively for both tests in at least 9 
different tumors. (B) Scatter plots reporting, for all TDMD pairs, the mean Spearman 
correlation across the 21 tumors (y-axis) against the total number of tumor types with a 
significative anti-correlation (x-axis) by using the miRNA Expression (left) or Activity test 
(right). The 36 Pan-cancer supported TDMD interactions are in red. 

 

2.3.1 Additional tests in support of Pan-cancer TDMD pairs 

Anti-correlation between the target and the miRNA is necessary but not sufficient to prove 

that TDMD is occurring. Therefore, to provide further evidence that TDMD is taking place, 

we performed an additional test, named “Passenger Test”, based on the correlation between 

either the guide or the passenger miRNA and the TDMD trigger. 

The Passenger Test is based on the assumption that the TDMD mechanism is able to 

uncouple the expression of guide and passenger miRNAs, as showed in the previous 

chapters. Therefore, the miRNA and target correlation in tumors was normalized for the 

passenger correlation, to get rid of the transcriptional effects that are in common between 

guide and passenger miRNA (Figure 71A). As we expected, and supporting the validity of 

our test, known TDMD pairs, such as SERPINE1:30c and NREP: 29b, were only modestly 

affected by this normalization (Figure 71A). Globally, 20 out of the 36 TDMD interactions 

of Pan-cancer supported group maintained a negative anti-correlation in several tumor types 

after the normalization by the “Passenger Test” (Figure 71B and Figure 71C). For the 16 

other TDMD interactions, both guide and passenger miRNAs were found to be similarly 

correlated with the TDMD transcript, by suggesting that the correlation measured in cancer 

datasets primarily occurred at the transcriptional level. The results of Passenger Test are also 

included in TDMDfinder and can help in the selection of TDMD interactions potentially 

relevant in human cancer and therefore worthy of additional investigation by functional 

studies. 
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Figure 71. Additional test in support of Pan-cancer TDMD interactions. (A) Top: 
scheme of the Passenger test: a normalized Spearman correlation coefficient for each TDMD 
interaction was calculated as Rho-norm = Rho-guide – Rho-passenger; the normalization 
was performed for each tumor type and only if the Rho of the passenger strand was < 0, to 
avoid artifacts. Bottom: Passenger test results for SERPINE1:miR-30c and NREP:miR-29b. 
(B) Heatmaps reporting the results of the Passenger test (Rho-guide and Rho-norm) in all 
tumor types for the Pan-cancer supported TDMD interactions. (C) Table showing Pan-
cancer supported TDMD interactions and Passenger Test results. 
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2.3.2 TDMD confers selective advantages to breast cancer cells 

Since we identified in silico a set of cancer-relevant TDMD interactions, we decided to 

directly explore the hypothesis that the TDMD mechanism in cancer cells regulates the levels 

of key miRNAs. We focused on breast cancer, whose mechanisms for controlling cellular 

transformation, cell identity and differentiation were already well-known to us (Culurgioni 

et al., 2018; Bonetti et al., 2019; Panebianco et al., 2019; Tordonato et al., 2021), and choose 

to study the validated SERPINE1:30c pair. This couple scored among the top hits in all 

previous in silico tests (correlation analysis, activity test and passenger test), with 

SERPINE1 also being the most expressed TDMD transcript for miR-30c both in breast 

cancer cell lines with basal-like features (Figure 72). In particular, in TNBC/basal tumors, 

typically characterized by a very aggressive behavior, poor outcome, high rate of metastasis 

and high content of cancer stem cells (Dent et al., 2007; Shibue and Weinberg, 2017), 

SERPINE1 is highly expressed (Figure 72), suggesting that TDMD might be used to keep 

low the levels of miR-30c, which is known to have a tumor-suppressor role in breast cancer, 

by increasing the sensitivity to chemotherapy drugs and inhibiting the growth of cancer stem 

cells (CSC) (Bockhorn et al.; 2013; Yu et al.; 2010; Chao et al; 2015).  

 
Figure 72. Distribution of TDMD-genes for miR-30 family. Pie charts showing the 
distribution of TDMD-genes for miR-30 family based on their expression in cancer cell lines 
of the basal subtype. Expression was measured by RNA-seq and normalized as TPM. (n.e. 
= not expressed). 

 

We investigated this hypothesis by exogenously manipulating the miR-30c:SERPINE1 

interaction in a TNBC/basal cell line, SUM159PT with high expression of SERPINE1 and 

measuring the corresponding molecular and cellular phenotypes (Figure 73).  
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Figure 73. Strategies to investigate phenotypes related to SERPINE1:miR-30c 
interaction. Schematic representation of the different methodological strategies used to 
investigate the phenotypes that depend on the SERPINE1:miR-30c interaction. 

 

In particular, we were able to affect the TDMD mechanism by either i) deleting the 

SERPINE1 MDE by CRISPR, with the same approach that we used in 3T9 fibroblasts (see 

chapter 1) (Figure 74); or ii) using an LNA Target-Protector molecule, which, upon 

transfection, can obstruct the interaction between SERPINE1 mRNA and miR-30c. 

 

 
 

Figure 74. CRISPR-Cas9 technology for the removal of miR-30 MDE from 3′UTR of 
SERPINE1. (A) Human SERPINE1 3'UTR is depicted, with the position of the sgRNAs 
used to remove miR-30 MDE and of the PCR primers used in the characterization of MRE-
KO clones. (B) End-point PCR from genomic DNA of parental cells and MRE-KO clones 
confirms the expected deletions. 
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The levels and activity of miR-30c increased in both cases (Figure 75), further validating 

SERPINE1 as an endogenous TDMD for miR-30c in human breast cancer cells.  

 

 

Figure 75. Evaluation of SERPINE1 expression and miR-30c level and activity upon 
TDMD disruption. (A). RT-qPCR of SERPINE1 transcript (left), mature miRNAs of the 
miR-30 family (right). Data are normalized over the appropriate house-keeping gene 
(reported on Y-Axes). P-values by Welch T-test. Controls include parental cells (in bulk) 
and two individual undeleted clones. (B) Scheme of the single cell reporter system used to 
evaluate miR-30c activity. A bidirectional promoter is used to transcribe identical levels of 
a control NGFR and a targeted destabilized GFP, which contains in its 3'UTR four miR-30c 
MREs (4X_30). By FACS we measured NGFR and dGFP expression in each cell, and we 
subdivided sorted cells into bins with similar NGFR expression (dotted red box). Finally, 
fold repression exerted by miR-30c (a proxy of miR activity) was calculated in different 
biological samples with the indicated formula. (C) SUM159PT were transfected with Target 
Site Blockers (TSB, Qiagen) designed to block SERPINE1:miR-30 interaction (TSB-SE1) 
or negative control (TSB-CTRL) at the indicated concentration. After 72hrs miRNA activity 
was measured. 

 

In agreement with previous observations in other systems (Bitetti et al., 2018; Ghini et al., 

2018), TDMD affected miR-30c levels in a relatively mild manner in range with the changes 

previously observed with the Serpine1:miR-30c pair in mouse fibroblasts (Ghini, Rubolino 

et al. 2018) (2-fold increase upon TDMD disruption). As a further approach, we used a 

tunable (doxycycline dependent) system to mildly over-express (2 to 3-fold) miR-30c in 

SUM159PT cells and obtain a TDMD-like effect (Figure 76).  
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Figure 76. Absolute quantification of miR-30c in SUM159PT. On the left, the titration 
curve used for the absolute quantification of miR-30c is reported. On the right, a table 
summarizes miR-30c level as copies/cells. (N.T.) stands for cells infected but not treated 
with doxycycline and (N.I.) for not infected cells. 

 

Neither mild over-expression of miR-30c nor MDE-KO by CRISPR had a consistent effect 

on proliferation when cells were grown on plastics (“2D”, Figure 77A, Figure 77B), though 

we observed variability among the different MDE-KO clones. 

 

 
Figure 77. Characterization of SUM159 MDE KO clones (A) Growth curve of 
SUM159PT cells expressing miR-30c at different levels, as indicated. N=3. (B) Growth 
curve of SUM159PT clones bearing a deletion in SERPINE1 3'UTR. N=3. 

 
We exploited the mammosphere assay to look at cancer stem cell (CSC) properties (Dontu 

et al., 2003). The number of mammospheres, which is a proxy measure of the number of 

cancer stem cells in the initial population, decreased when miR-30c was induced, even at 

low doses (Figure 78A), and was similarly reduced upon transfection of Target-Protector 

molecules and in each of the different MDE-KO clones (Figure 78B, Figure 78C).  
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Figure 78. Interference of Serpine1:miR30c TDMD affects mammosphere growth. Bar 
charts reporting the results of the mammosphere assay performed in SUM159PT following 
different perturbations of the SERPINE1:miR-30c interaction. In panel A, miR-30c was 
mildly or strongly overexpressed. In panel B, Target-Protector molecules were used at two 
different concentrations (50 or 100 nM) to prevent the SERPINE1:miR-30c interaction. In 
panel C, CRISPR/cas9 system was used to remove the MDE for miR-30c from SERPINE 
3'UTR, thus generating 5 independent clones. Shown is the sphere forming efficiency (SFE 
%, average and SEM from three replicates) measured at the first (F1) and at the second 
generation (F2). Data are from one of two independent experiments. P-values by Student’s 
T-test. 

 

This effect was maintained also in the second generation (F2, Figure 78A, Figure 78C), 

implying that miR-30c stabilization has a direct impact on CSCs, as only the cells with stem-

cell properties could be propagated under these conditions. We then evaluated the sensitivity 

of breast cancer cells to chemotherapy drugs by using Paclitaxel, an anti-microtubule agent 

used in the treatment of various cancers including breast (Manfredi et al., 1984; Foa et al., 

1994). Following miR-30c mild over-expression, SUM159PT cells became sensitized to 

Paclitaxel (Figure 79A, Figure 79D). Very similar results were obtained when TDMD was 

disrupted either through Target-Protector molecules (Figure 79B, Figure 79E) or in MDE-

KO cells (Figure 79C, Figure 79F). Together these data show that SERPINE1-directed 

miR-30c degradation in breast cancer cells does play a role in modulating cancer phenotypes, 

affecting cancer stem cell properties (as assessed by mammosphere formation) and drug 

(paclitaxel) sensitivity. 
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Figure 79. Interference of Serpine1:miR30c TDMD affects paclitaxel sensitivity. (A, B, 
C) Cell viability was measured by ADP-Glo Max Assay in SUM159PT cells treated for 3 
days with Paclitaxel at different concentrations (panels D, E and F) and used to calculate 
IC50 values (panels D, E, F) upon different perturbations of the SERPINE1:miR-30c 
interaction. The results shown are from one of two independent experiments. 
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2.4 Identification of TDMD substrates relevant for Breast 
Cancer 

In the previous chapter, we showed computational analyses supporting TDMD as a potential 

oncogenic mechanism. Furthermore, we focused on the SERPINE1:miR30b/c interaction, 

as proof of principle validation in support of TDMD role in tumorigenesis. Further efforts 

are needed to highlight the specific miRNAs that are under the control of TDMD in cancer 

and to elucidate, at endogenous level, the involvement of the predicted TDMD triggers. 

Recently, the ZSWIM8 Cullin-RING E3 ubiquitin ligase substrate adaptor has been 

implicated in the TDMD mechanism (Shi et al., 2020; Han et al., 2020). ZSWIM8 is 

recruited by the TDMD conformation and induces the degradation of AGO, thus resulting 

in miRNA release and decay. Importantly, ZSWIM8 is essential for TDMD to occur, 

providing a powerful biochemical and genetic tool for unveiling miRNAs that are under 

TDMD regulation. In order to block the ZSWIM8 expression, we exploited an approach, 

based on CRISPR interference (CRISPRi), where the catalytically dead-Cas9 nuclease 

(dCas9) is fused with a Krüppel-associated-box transcriptional repressor protein (KRAB). 

The fusion protein inhibits the expression of selected genes according to the sequence-

complementarity of sgRNAs designed around the Transcription Start Site (TSS) of the target 

genes in a doxycycline-inducible fashion (Figure 80).  

 

Figure 80. Schematics of dCas9-KRAB system. The knock-down is achieved by directing 
an enzymatically dead Cas9 conjugated with a KRAB repressive domain to a target locus 
(Created in Biorender.com). 

The inducibility of the system offers the advantages of i) obtaining an acute repression of 

the targeted genes limited to the experimental setting; ii) avoiding unwanted or uncontrolled 

phenotypic effects when handling the cellular population before the experiment and iii) 

decreasing chances of silencing and counterselection of the transgene during culture. We 

generated a set of 8 different CRISPRi breast cancer cell lines, comprising Luminal- (MCF-

7, T47D), Her2- (SKBR3, MDA- MB361) and TNBC- subtypes (SUM159PT, MDA-

MB231, BT459, MDA-MB436) (Figure 81).  
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Figure 81. CRISPRi breast cancer cell lines. The BC cell lines used in the work belong to 
three subtypes: luminal, HER2 amplified (HER2+), and basal subtype (Triple-Negative 
Breast Cancer - TNBC). CRISPRi panel has been generated in collaboration with Bianca 
Giuliani (Created in Biorender.com). 

In each cell line, the expression of dCas9-KRAB was in a range suggestive of a strong 

dCas9-KRAB activity, according to previous data available in the lab (Figure 82). 

 

Figure 82. dCas9-KRAB expression in BC cell lines. RT-qPCR was performed in all the 
8 cell lines after treatment with 1 µg/ml of Doxycycline (+) for 72h. The bar chart shows the 
relative RNA expression (+/- SEM) using RPLP0 as reference.  

Hence, we designed three sgRNAs targeting several positions of the ZSWIM8 promoter 

(sgRNA28, sgRNA34, sgRNA42) and three different negative control sgRNAs (Empty 

Vector (EV), sgRNALacZ, sgRNAGAL4) that are not predicted to target any human gene. 

We first tested the system in SUM159PT, where we found that, in presence of doxycycline, 
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each of the targeting sgRNAs produced a knock down of ZSWIM8 by more than 90% 

(Figure 83A).  

 

Figure 83. ZSWIM8 and miR-7 expression upon ZSWIM8 Knock-Down in 
SUM159PT. (A, B) RT-qPCR was performed after treatment with 0.5 µg/ml of Doxycycline 
(+) for 7 doublings. The bar charts show the relative expression (+/- SEM) using RPLP0 (A) 
and SNORD48 (B) as normalizer, respectively. 

Furthermore, since the TDMD mechanism was previously established to regulate miR-7 

expression (Kleaveland et al., 2018) and miR-7 was found upregulated upon loss of 

ZSWIM8 (Shi et al., 2020; Han et al., 2020), we decided to use it as a positive control to 

monitor the effectiveness of ZSWIM8 removal. In SUM159PT, miR-7 was strongly induced 

when TDMD process was impaired (Figure 83B). Then, we measured ZSWIM8 and miR-7 

expression in all the other BC cell lines. ZSWIM8 was repressed more that 70% in presence 

of the 3 different sgRNAs 28, 34 and 42 (Figure 84) and miR-7 was induced in a statistically 

significative manner in all the tested cell lines (Figure 85 and Table 1). 
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Figure 84. ZSWIM8 Knock-Down in BC cell lines. RT-qPCR was performed in all the 8 
cell lines after treatment with 0.5 µg/ml of Doxycycline (+) for 7 doublings. The bar chart 
shows the relative RNA expression (+/- SEM) using RPLP0 as normalizer (Student’s test, 
p<0.05). 

 

Figure 85. miR-7 expression upon ZSWIM8 Knock-Down in BC cell lines. RT-qPCR 
was performed in all the 8 cell lines after treatment with 0.5 µg/ml Doxycycline (+) for 7 
doublings. The bar chart shows the relative RNA expression (+/- SEM) using SNORD48 as 
normalizer (Student’s test, p<0.05 and p<0.01). 
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CELL LINE ER HER2 SUBTYPE % ZSWIM8 KD L2FC MIR-7 STUDENT'S T-TEST 
SUM159PT - - TNB 92% 1.87 p=0.0015 
MDA-MB-231 - - TNB 80% 0.73 p=0.0003 
BT-549 - - TNB 69% 0.55 p=0.0496 
MDA-MB-436 - - TNB 86% 0.62 p=0.0367 
T47D + - LUMINAL A 85% 2.08 p=0.0055 
MCF-7 + - LUMINAL A 83% 0.95 p=0.0157 
MDA-MB-361 + + HER2 amplified 93% 1.87 p=0.0003 
SK-BR-3 - + HER2 amplified 71% 1.41 p=0.0042 

 

Table 1. Summary of RT-qPCR data upon ZSWIM8 KD in BC cells. The presence of 
ER and HER2 receptors, the BC subtype molecular, the percentage (%) of ZSWIM8 KD, 
the regulation for miR-7 in Log2FoldChange and the p-value from the Student’s T-test are 
shown for each cell line. 

 

2.4.1 sRNA seq analysis  

To unveil the entire landscape of miRNAs acting as TDMD-substrates in breast cancer, we 

performed small RNA-seq (sRNA seq). We produced sRNA libraries from three 

independent biological replicates (one with each of the three ZSWIM8 sgRNAs or the three 

ctrl sgRNAs). Cells were collected after seven doublings in presence of 0.5 µg/ml of 

Doxycycline. We focused on miRNAs that were significantly upregulated after ZSWIM8-

KD. In total, we found 119 miRNAs that were sensitive to ZSWIM8-KD.  

Notably, the positive control miR-7-5p was found upregulated in a statistically significant 

manner in all the cell lines, with an induction level in the same range of that found by 

performing RT-qPCR (see Figure 85), thus confirming the quality of our sRNA seq 

experiments. 

We divided all the results according to the cell line or to the BC subtype. Four cell lines 

belong to the triple-negative subtype: SUM159PT with 25 miRNAs significantly 

upregulated, BT-549 with 19, MDA-MB-436 with 21 and MDA-MB-231 cells with 14 

(Figure 86). Among the most upregulated microRNAs in TNBC we found miR-7-5p and 

miR-335-5p. We summarized the significant upregulated miRNAs in a Venn diagram 

(Figure 87): only miR-7-5p was significantly upregulated in all the four TNBC cell lines, 

miR-335-3p and miR-3529-3p were upregulated in 3 out of 4 cell lines and nine miRNAs 

were induced in at least two cell lines. Of note, the known TDMD substrate miR-29b-3p was 

found in this latter group (up in SUM159PT and BT-549).  

For what concerns the cell lines of the luminal subtype (Figure 88), 38 miRNAs were 

upregulated in MCF-7 cells and 25 miRNAs were identified in T-47D cells. Six miRNAs 

were upregulated in both cell lines (Figure 89), including miR-7-5p and miR-1180-3p that 

were highlighted also in the TNBC subtype. 
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Finally, regarding the HER2+ subtype, the number of upregulated miRNAs was lower than 

for the other cell lines, with 17 miRNAs identified in MDA-MB-361 and only 8 in SK-BR-

3 cells (Figure 90). Only three miRNAs were found in common between the two cell lines, 

miR-335-3p, miR-3529-3p and miR-7-5p (Figure 91), none of which is specific only for the 

HER2+ subtype. 
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Figure 86. Schematics of sRNAseq results in the four cell lines of the basal subtype. On 
the left, for each cell line, the graphs show the fold change in miRNA levels observed upon 
KD of ZSWIM8 against the average expression of CTRLs. The red dots represent the 
significant upregulated miRNAs (Student’s t-test p-value ≤ 0.05) and expressed above a 
threshold (≥ 10 ReadsPerMillion, RPM). The grey points represent remaining miRNAs. On 
the right, the influence of ZSWIM8 on those significant miRNAs that have an expressed 
matched strand is shown. The red dots are for miRNAs significantly regulated upon 
ZSWIM8-KD, blue dots represent their matched strand. 
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Figure 87. Summary of upregulated miRNAs in the TNB subtype. The Venn diagram 
shows all the significant upregulated miRNAs in the four basal cell lines analyzed. Each cell 
line corresponds to a specific set color. MiRNAs that are commonly upregulated in multiple 
cell lines are listed. 
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Figure 88. Schematics of sRNAseq results in the two cell lines of the luminal subtype. 
On the left, for each cell line, the graphs show the fold change in miRNA levels observed 
upon polyclonal KD of ZSWIM8 against the average expression of CTRLS. The red dots 
represent the significant upregulated miRNAs (Student’s t-test p-value ≤ 0.05) and expressed 
above a threshold (≥ 10 ReadsPerMillion, RPM). The grey points represent remaining 
miRNAs. On the right, the influence of ZSWIM8 on those significant miRNAs that have an 
expressed matched strand is shown. The red dots are for miRNAs significantly regulated 
upon ZSWIM8-KD, blue dots represent their matched strand. 

 

Figure 89. Summary of upregulated miRNAs in the luminal subtype. The Venn diagram 
shows all the significant upregulated miRNAs in the two luminal cell lines analyzed. Each 
cell line corresponds to a specific set color. MiRNAs that are common to multiple cell lines 
are listed. 
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Figure 90. Schematics of sRNAseq results in the two cell lines of the HER2+ subtype. 
On the left, for each cell line, the graphs show the fold change in miRNA levels observed 
upon polyclonal KD of Zswim8 against the average expression of CTRLS. The red dots 
represent the significant upregulated miRNAs (Student’s t-test p-value ≤ 0.05) and expressed 
above a threshold (≥ 10 ReadsPerMillion, RPM). The grey points represent remaining 
miRNAs. On the right, the influence of ZSWIM8 on those significant miRNAs that have an 
expressed matched strand is shown. The red dots are for miRNAs significantly regulated 
upon ZSWIM8-KD, blue dots represent their matched strand. 

 

Figure 91. Summary of upregulated miRNAs in the HER2+ subtype. The Venn diagram 
shows all the significant upregulated miRNAs in the two cell lines analyzed. Each cell line 
corresponds to a specific set color. MiRNAs that are common to multiple cell lines are listed. 
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In summary, among all BC subtypes, 119 miRNAs were identified as potentially under 

ZSWIM8-dependent TDMD control (Figure 92). Interestingly, most of the significant 

miRNAs were specific for each individual cell line. In fact, we found that only 6 miRNAs 

were in common among TNB, luminal and HER2+ subtypes (namely miR-7-5p, miR-181b-

5p, miR-744-5p, miR-335-3p, miR-3529-3p and miR-26b-5p), 11 miRNAs were shared 

among TNB and luminal, 2 miRNAs among luminal and HER2+ and 1 among TNB and 

HER2+. 55 out of 119 miRNAs were named “BC TDMD miRNAs” and prioritized for 

further studies as they i) showed a consistent regulation upon ZSWIM KD (> 0.3 Log2FC), 

often in more than one cancer cell type; ii) had a medium to high level of expression in 

breast, which suggested these miRNAs to be biologically active.  

 

Figure 92. Schematic summary of upregulated miRNAs in all the BC subtypes. The 
Venn diagram shows all the significant upregulated miRNAs in the three subtypes analyzed. 
Cell lines were grouped into the corresponding subtypes. MiRNAs that are common to all 
the subtypes are listed. 
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2.4.2 Additional tests in support of BC TDMD miRNAs  

Upon repression of ZSWIM8, we identified a set of miRNAs that are potentially TDMD 

substrates. We observed that most of the regulated miRNAs were only mildly induced and 

that most of the candidates were found only in a single cell line. In these conditions, it is 

important to be cautious in the interpretation of the results. In particular, the perturbation of 

ZSWIM8 for a prolonged period (7 doublings) might produce cell-line specific secondary 

effects. We tried to quantify the amount of primary and secondary effects by evaluating the 

number of miRNAs that were upregulated (possibly TDMD related) or downregulated 

(attributable to secondary effects) after ZSWIM8 KD in each cell line. We expected that the 

more there was an equal balance between miRNAs going up and miRNAs going down after 

ZSWIM8 KD the more likely it was that some of the observed effects were secondary effect 

of ZSWIM8 KD. In BT-549, SK-BR3 and MDA-MB-361 down-regulated miRNA largely 

exceeded up-regulated ones, suggesting the presence of stronger secondary effects. 

Conversely, in MCF-7, T47-D, SUM159PT, MDA-MB-231, MDA-MB-436 the number of 

upregulated miRNAs exceeded that of downregulated ones, suggesting an enrichment for 

primary TDMD-related effects (Figure 93). 

 

Figure 93. Number of upregulated and downregulated miRNAs upon ZSWIM8 KD.  
The number of significantly upregulated (red) and downregulated (grey) miRNAs upon 
ZSWIM8 KD in every cell line (Student’s t-test p-value ≤ 0.05) is reported. 

TDMD is a post-transcriptional mechanism that acts on a specific miRNA strand, without 

an increase in the abundance of the corresponding strand. When we performed sRNA seq 

analysis, we observed that, for some miRNAs, both strands showed similar regulation, 

suggesting a transcriptional effect on miRNA levels caused by ZSWIM8 KD. Unfortunately, 

in many cases the matched strands were not detected by sRNA-seq and the analysis could 
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not be performed systematically. To circumvent this issue, we measured the expression level 

of primary precursor molecules (pri-miRNAs) for all the 55 BC TDMD miRNAs. The 

analysis was carried out by RT-qPCR on the same samples that were used for sRNA-seq. 

Given that pri-miRNA transcripts are not systematically annotated, we designed multiple 

RT-qPCR assays, considering 500 base pairs upstream and downstream the mature miRNA 

of interest. For each intronic miRNA, we also designed an additional primer pair within the 

host gene, while for miRNAs of interest within a cluster we avoided the design over other 

miRNAs not involved in the analysis (Figure 94).  

 

Figure 94. Schematics of Primer design for pri-miRNA expression analysis through 
RT-qPCR (A) For miRNAs whose locus falls in an intergenic region (intergenic miRNAs), 
the primer design regions were set about 500 bp upstream and downstream the miRNA locus 
(see arrows) (B) For miRNAs whose locus falls inside a host gene (intragenic miRNAs), 
primers were also designed within exonic regions of the host gene to assess also the 
expression of host gene. (Created in Biorender.com). 

We analyzed primary transcripts by RT-qPCR in each cell line where a statistically 

significative up-regulation of the mature miRNAs was observed upon ZSWIM KD. Then, 

to get rid of any transcriptional effects triggered by ZSWIM8 KD, we calculated a “TDMD 

net effect” by normalizing the regulation of each candidate TDMD miRNAs (L2FC 

calculated from sRNA-seq) over the regulation of the test assay showing the highest 

induction level (for pri-miRNAs the L2FC from RT-qPCR; for matched miRNA strands the 

L2FC from sRNA-seq; Figure 95A). This normalization strategy takes into consideration 

the “worst case scenario” and has been selected to minimize the false positive rate. In the 

end, we considered as TDMD BC miRNA only those miRNAs that retained a TDMD net 

effect ≥ 0.3 Log2FC after compensating the transcriptional component. 

For example, in the case of SUM159PT, we tested the nine miRNAs that by sRNA seq 

showed an induction  ≥ 0.3 Log2FC upon ZSWIM8 KD (Figure 95B): 5 out of 9 tested 

miRNAs (miR-200b-3p, miR-29b-3p, miR-335-3p, miR-3529 and miR-7) passed the test, 
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while 4 out of 9 (miR-331-3p, miR-33a, miR-1260b and miR-641) were defined as 

transcriptionally regulated. 

 

Figure 95. Primary transcripts analysis. (A) Schematics of the strategy for the TDMD Net 
Effect calculation. As TDMD regulation acts at post-transcriptional level, the “net effect” 
represents the regulation upon ZSWIM8-KD devoid of any transcriptional contribution, 
considering the ‘worst case scenario’. Shown are two examples in which the “net effect” was 
calculated by either subtracting the regulation of the primary transcript (or the host gene), 
on the left side, or subtracting the regulation of matched miRNA, on the right side. (B) 
Representation of the regulations (L2FC values upon ZSWIM8-KD) for candidate miRNAs 
(in red) and for their matched strands (light red), pri-miRNAs (blue) and host genes (dark 
blue), respectively, in SUM159PT cells. In the upper part of the figure, it is reported: i) the 
name of the miRNA, ii) the expression (as percentage) of the 5p and 3p strands, and the 
values of the “net effect” (red bar). A dashed bar indicates the threshold for “net effect” (≥ 
0.3 L2FC). Values for candidate miRNA (red) and its matched strand (light red) were 
obtained by small RNA sequencing analysis. Values for pri-miRNA (blue) and Host Gene 
(dark blue) were obtained by RT-qPCR, as shown in Figure 95, normalized with either 
RPLP0 or GADPH (two or more dots are shown, considering the two normalizations and 
different pairs of primers used). 



111 
 

Overall, we sorted the 55 miRNAs according to the Net Effect: known endogenous TDMD 

substrates, such as miR-7-5p and miR-29b-3p, ranked among the top 10 upregulated 

miRNAs (Figure 96). The set of 31 miRNAs with a Net Effect greater than 0.3 L2FC was 

termed High Confidence (HC) Breast Cancer TDMD substrates. The HC BC TDMD set was 

further investigated in order to unveiling the associated endogenous triggers.  

 

Figure 96. Final representation of candidate miRNA substrates and their regulation in 
BC cell lines. The ZSWIM8/CTRL L2FC (on the left) and the net effects (on the right) are 
shown for each candidate miRNA in the heatmaps. A red bar represents the maximum of the 
net effects calculated across the 8 cell lines for a specific miRNA. The dashed lines define 
thresholds for selecting max net effects equal or greater than 0.5 or 0.3, respectively. The 
high confidence (HC) set of TDMD substrates is shown in the donut chart, considering as 
valid the miRNAs with a maximum net effect equal or greater than 0.3 (31 miRNAs). 22 
miRNAs do not pass the threshold and 2 miRNAs were undetermined. 
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2.4.3 Experimental validation of potential BC TDMD triggers 

 
We defined a set of High Confidence (HC) BC miRNAs. For each HC BC miRNA substrate, 

we will retrieve the set of predicted TDMD triggers, combining the TDMDfinder pipeline 

predictions with the in-house generated BC expression profiles (sRNA and RNA seq data). 

Once we will have identified all the potential TDMD triggers expressed in BC cell lines, we 

aim to experimentally confirm a small set of biologically relevant TDMD triggers by 

repressing their expression through the CRISPRi system and monitoring if the miRNA 

substrate level increases (Figure 97).  

 

Figure 97. Schematic representation of the strategy to select and verify TDMD triggers. 
For each of the high-confidence TDMD miRNA substrate the TDMDfinder pipeline can be 
exploited to obtain predictions of the potential TDMD triggers. In-house generated 
expression profiles of BC cell lines (sRNA and RNA seq data) can be used to compare the 
expression of the potential TDMD triggers in the different BC cell lines and correlate their 
level (as individual transcripts and as cumulative levels) with the observed TDMD effects 
obtained upon ZSWIM8 KD. Selected TDMD triggers can be validated experimentally 
through CRISPRi according to the following hypothesis: repression of the “true” trigger is 
expected to rescue miRNA levels. 

As proof-of principle validation of this approach, we started with miR-29b-3p, a BC relevant 

TDMD substrate significantly upregulated after ZSWIM8 KD in SUM159PT and BT-549 

cells (Figure 98A). miR-29b-3p is an interesting miRNA due to its role as tumor suppressor 

(Chou et al., 2013). In particular, Chou et al., showed that miR-29b-3p is deregulated in BC 
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and its alteration is related with tumor development and metastasis. Furthermore, in our pan 

cancer analysis, described in the chapter 3, we showed that NREP:miR-29b interaction was 

the strongest anticorrelated pair across all tumors (Simeone, Rubolino et al., 2022). 

Therefore, we used the TDMDfinder pipeline to search for HC TDMD triggers and identified 

3 potential candidates: ROBO1, NREP and CBX6.  

 

Figure 98. miR-29b-3p case. (A) miR-29b-3p expression upon ZSWIM8 KD in the 
different BC cell lines by RT-qPCR. The plot shows the average of log2 fold changes +/- 
SEM (Student’s test, p<0.05). A table representing the p-values is shown on the right. (B) 
Cumulative plot (by using RNA seq data) represents the three high-confidence TDMD 
triggers for miR-29b-3p: ROBO1, NREP and CBX6. 
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Notably, ROBO1, NREP and CBX6 were cumulatively more expressed in SUM159PT and 

BT-549 cells compared to the other cell lines, with NREP resulting as the more selectively 

expressed gene (Figure 98B). In this light, we decided to KD the NREP gene by using the 

CRISPRi system in SUM159PT e BT-549 cells, expecting an increased expression of the 

substrate miR-29b-3p (Figure 97). 

Employing 5 sgRNAs against NREP and the 3 sgRNAs controls previously used in all the 

experiments related to ZSWIM8 KD, we observed a strong KD of NREP gene (Figure 99A) 

and a significant induction of miR-29b-3p with all the tested sgRNAs (Figure 99B).  

 

Figure 99. NREP KD and miR-29b-3p expression in SUM159PT and BT-549 cell lines. 
(A, B) RT-qPCR was performed after treatment with 0.5 µg/ml of Doxycycline (+) for 7 
doublings. The bar chart shows the relative RNA expression vs RPLP0 (A) or SNORD48 
(B) as normalizers. Bars represent the mean values (+/- SEM) calculated in three controls 
and five sgRNAs, respectively (Student’s test, p<0.05). 

To confirm that the induction of mir-29b-3p was due to a post-transcriptional mechanism, 

we measured the primary transcripts (pri-miRNAs) expression of miR-29b-3p which is 

transcribed in two different genomic loci (pri-miR-29b1 and pri-miR-29b2). We observed 

no significant differences in pri-miRNAs expression for both pri-miR-29b1 and pri-miR-

29b2 (Figure 100). 
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Figure 100. PrimiR-29b-3p expression upon NREP KD in SUM159PT and BT-549 cell 
lines. RT-qPCR was performed for two different genomic loci, pri-miR-29b1 (A) and pri-
miR-29b2 (B) after treatment with 0.5 µg/ml of Doxycycline (+) for 7 doublings. The bar 
chart shows the relative RNA expression using RPLP0 as normalizer. Bars represent the 
mean values (+/- SEM) calculated in three controls and five sgRNAs, respectively (Student’s 
test, p<0.05). 

Finally, by comparing the data obtained after ZSWIM8 KD and after NREP KD in 

SUM159PT and BT-549 cells, we observed a similar induction of miR-29b-3p (in terms of 

Log2 FC) (Figure 101), suggesting that NREP is the main TDMD trigger for miR-29b-3p 

in SUM159PT and BT-549 cells. In conclusion, our data showed that the strategy we devised 

is effective to quickly identify TDMD substrates and triggers and we will use it to validate 

predicted TDMD triggers for other HC miRNA substrates. 
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Figure 101. Comparison between data of miR-29b-3p expression after ZSWIM8 KD 
(sRNA seq data) and after NREP KD (RT-qPCR data) in SUM159PT and BT-549 cells. 
The plot shows the average of log2 fold changes (+/- SEM). 

 

2.4.4 TDMD ZSWIM8-independent mechanisms 

We previously showed that the endogenous RNA trigger Serpine1 controls the degradation 

of miR-30b-5p and miR-30c-5p in mouse fibroblasts and in human cells (Ghini, Rubolino et 

al., 2018, Simeone, Rubolino et al., 2022). Shi et al., and Han et al., revealed that TDMD 

required the ZSWIM8 Cullin-RING E3 ubiquitin ligase substrate adaptor. Moreover, in these 

studies ZSWIM8 was shown to control the degradation of several miRNAs in cells of 

mammals, flies and nematodes, but miR-30b-5p and miR-30c-5p were never observed 

among the ZSWIM8-sensitive miRNAs. Similarly, when we knocked-down ZSWIM8 in our 

panel of BC cells, miR-30b-5p and miR-30c-5p were never found among the significantly 

upregulated miRNAs as a consequence of TDMD disruption. Hence, we hypothesized the 

existence of a ZSWIM8-independent TDMD mechanism. To gain a deeper understanding of 

miR-30b-5p and miR-30c-5p degradation through TDMD, we decided to couple the knock-

down of ZSWIM8 with the overexpression of SERPINE1 miRNA degradation element 

(MDE). We expected that, if miR-30b/c TDMD was controlled in a ZSWIM8 independent 

manner, then SERPINE1 MDE should have retained its ability to trigger miR-30b/c 

degradation even upon ZSWIM8 knock-down (Figure 102).  
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Figure 102. Schematic representation of TDMD models. On the top, a ZSWIM8 
dependent model is shown, in which TDMD effects are completely dependent on a 
functional ZSWIM8 protein: TDMD effects induced upon TDMD trigger overexpression 
are abrogated upon genetic impairment of ZSWIM8 (i.e. by CRISPRi). Shown below is the 
TDMD ZSWIM8-independent model: TDMD effects induced upon TDMD trigger 
overexpression are insensitive to genetic impairment of ZSWIM8 (i.e. by CRISPRi). 

To perform this experiment, we chose HeLa cells, a well-known cellular system particularly 

easy to manipulate. Moreover, a polyclonal Knock-out of ZSWIM8 in HeLa cells had 

already been done (Shi et al., 2020) and this gave us the advantage of being able to compare 

the data obtained in the same cell line. We generated the HeLa-dCas9-KRAB cell line 

(Figure 103), with the same strategy shown in Figure 80 and we transduced the cells with 

the sgRNAs targeting ZSWIM8 (sgRNA28, sgRNA34, sgRNA42).  

 

 

Figure 103. dCas9-KRAB expression in HeLa cell line. RT-qPCR was performed after 
treatment with 1 µg/ml of Doxycycline (+) for 72h. The bar chart shows the relative RNA 
expression (+/- SEM) vs RPLP0 as normalizer. 
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ZSWIM8 expression decreased more than 70% in presence of the sgRNAs 28, 34 and 42 

after doxycycline induction for 7 days (Figure 104A). Concomitantly, RT-qPCR showed an 

increased expression of miR-7, by confirming that the TDMD process was impaired in these 

cells upon ZSWIM8 depletion (Figure 104B). As previously observed also by Shi et al., the 

expression of miR-30c didn’t change after the KD of ZSWIM8 (Figure 104C). 

 

 

Figure 104. ZSWIM8 Knock-Down, miR-7-5p and miR-30c-5p expression in HeLa 
cells. (A, B, C) RT-qPCR was performed after treatment with (+) or without (-) 0.5 µg/ml 
of Doxycycline for 7 doublings in presence of the three sgRNAs (sgRNA28, sgRNA34 and 
sgRNA42) against ZSWIM8. The bar chart shows the relative RNA expression (+/- SEM) 
using RPLP0 (A) and SNORD48 (B, C) as normalizer (Student’s test, p<0.05). 

 

As an additional control, we tested NREP:miR-29b pair. MiR-29b-3p was found to be 

upregulated upon loss of ZSWIM8 (Shi et al, 2021) in HeLa cells and we also confirmed in 

SUM159PT and BT-549 cells that NREP is the main TDMD trigger for miR-29b-3p (see 

Figure 99 and Figure 100). Therefore, we decided to use this interaction as a positive ctrl 

of TDMD impairment after ZSWIM8 KD. We used either the wild type sequence or a 

scramble one (NREP WT MDE and NREP SCR MDE). As expected, NREP WT MDE 

construct triggered miR-29b degradation in presence of ZSWIM8 WT, but the effect was 

almost completely abrogated upon ZSWIM8 KD, thereby confirming that NREP driven 

TDMD is ZSWIM8 dependent (Figure 105A). 

Concomitantly, we infected Hela-dCas9-KRAB cells with SERPINE1 (SERP1) MDE or 

SERPINE1 scramble constructs. After SERP1 WT MDE expression, miR-30b-5p and miR-

30c-5p were downregulated either in presence or absence of ZSWIM8, showing that miR-

30b-5p and miR-30c-5p degradation through TDMD was unaltered after ZSWIM8 depletion 

Figure 105B).  
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Figure 105. ZSWIM8 KD coupled with the overexpression of NREP MDE. (A) On the 
left, it is shown the Log2 Fold change in levels of miR-29b-3p in absence of doxycycline 
(ZSWIM8 WT) upon the overexpression of a Control sequence or NREP-MDE, used as 
RNA trigger, and indicated in the graph as either NREP MDE (-) or (+) conditions, 
respectively. On the right, it is shown the Log2 Fold change in levels of miR-29b-3p in 
presence of doxycycline (ZSWIM8 KD). The difference in regulation highlights the 
ZSWIM8 dependency of the effects. (B) On the left, it is shown the Log2 Fold change in 
levels of miR-30c-5p in absence of doxycycline (ZSWIM8 WT) upon the overexpression of 
a Control sequence or SERPINE1-MDE, used as RNA trigger, and indicated in the graph as 
either SERP1 MDE (-) or (+) conditions, respectively. On the right, it is shown the Log2 
Fold change in levels of miR-30c-5p in presence of doxycycline (ZSWIM8 KD). The 
regulation is maintained, highlighting ZSWIM8 independent TDMD effects. 
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In conclusion, by coupling the KD of ZSWIM8 with the overexpression of NREP MDE 

and/or SERPINE1 MDE, we supported the existence of a ZSWIM8 independent TDMD 

pathway in addition to the ZSWIM8 dependent TDMD pathway. (Figure 106). 

 

Figure 106. Final representation of TDMD models. The coexistence of a ZSWIM8 
dependent TDMD pathway and a ZSWIM8 independent TDMD pathway is plausible. 
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3. Discussion 
 

3.1 New Insights into TDMD 

TDMD molecular bases and physiological role are still obscure. Endogenous RNA targets 

implicated in TDMD and the role they play in modulating miRNAs activity need to be 

further investigated, especially in non-neuronal cells. When we started to study TDMD, back 

in 2017, the evidence of miRNA decay was derived from studies on viral RNA targets 

(Cazalla et al., 2010; Marcinowski et al., 2012) and on artificial transcripts (Denzler et al., 

2014; Baccarini et al., 2011). Therefore, we decided to provide evidence that this mechanism 

existed in mammalian cells, identifying endogenous TDMD triggers in control of miRNA 

level and activity. We chose to study Serpine1 since it was one of the top candidates in a list 

of targets showing ideal TDMD structural features: a 8-mer or 7-mer-8 seed, a bulge from 2 

to 5 nucleotides and high complementarity at the 3’ end (3C-score). We showed that, both 

in growing fibroblasts and during cell cycle re-entry of quiescent cells stimulated with serum 

(physiological conditions), Serpine1 transcript is able to post-trascriptionally control the 

levels of two related miRNAs, miR-30c and miR-30b, by triggering their degradation. 

Degradation involves some specific post-transcriptional modifications at the 3’end of the 

miRNA, as higher levels of adenylation. All the members of miR-30 family can interact with 

Serpine1 through their seed sequence which is shared among miRNAs of the same family, 

but only miR-30b/c present an extended 3C pairing to Serpine1. Hence, we showed that the 

extended 3’ end complementarity, as previously observed in vitro and with artificial 

transcripts (de la Mata et al., 2015; De et al., 2013) is crucial for a TDMD mechanism driven 

by endogenous transcripts. Coherently, Serpine1 showed stronger effects on miR-30c 

degradation than on miR-30b, as miR-30c presents additional 3’ base pairings with Serpine1. 

The 3C pairing is essential also in the reconstitution experiments. In particular, some 

mismatches can be tolerated in proximity of the bulge, instead, if the mismatches are located 

close to the miRNA 3’end, TDMD is completely impaired. The extended 3’ end 

complementarity is not the only feature for TDMD occurrence, which also needs several 

context-dependent and quantitative requirements. Hence, we performed absolute 

quantification of miRNA and target expression copies per cells and calculated the 

correspondent target per miRNA value (TPM) in order to examine the stoichiometry of the 

miRNA:target interaction. Serpine1 was strongly induced after serum stimulation of 

quiescent fibroblasts, so as to widely exceed the levels of expression of miR30b/c (TPM>10) 

and halve their levels in about 4 hours. Therefore, a dramatic upregulation of a TDMD 

trigger could have a role in accelerating TDMD in a specific time window. Indeed, a longer 
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half-life of miR-30b/c (12 and 16 hours, respectively) was previously estimated in growing 

cells (Marzi et al.; 2016). In the same period, also Bitetti et al., provided a case of endogenous 

TDMD, named NREP. NREP is able to promote degradation of miR-29b in neuronal cells. 

Interestingly, NREP:miR-29b and Serpine1:miR-30b/c interactions present the same 

structural characteristics. Notably, NREP is primarily expressed in the brain and the 

disruption of NREP:miR-29b interaction produced and impaired motor functions in mouse 

and fish. Anyway, the impact of NREP on miR-29b targets was not clarified. Endogenous 

TDMD transcripts should influence the canonical miRNA-mediated repression. By 

investigating Serpine1:miR-30 example, we provided evidence in support of this hypothesis. 

Indeed, we have demonstrated that MRE-KO clones have a significant and consistent 

increase in miR-30 activity, as showed by using the miR-sensor, a synthetic reporter directly 

measuring the activity of the miRNA or endogenous transcripts identified by prediction 

algorithms and monitored by RNA-seq. At steady-state (growing conditions), the effects on 

endogenous transcripts are mild, with about a 5% of increase in repression. In the context of 

serum-stimulated cells, miR-30 targets were strongly (about 20%) and specifically 

repressed. In particular, miR-30b/c targets were preferentially repressed, compared to shared 

miR-30 targets. Interestingly, two independent studies have suggested that miR-30b and 

miR-30c preferentially bind targets with additional pairing in the 3’ region (Moore et al., 

2015; Helwak et al., 2013). To conclude, we provided evidence that endogenous targets can 

control miRNA level through TDMD and thus modulate the activity of miRNAs on their 

targets in mammalian cells. 

3.2 TDMDfinder, an inventory of human and mouse TDMD 
pairs 

It is still unknown how many endogenous TDMD targets exist. We provided the first 

inventory of miRNA:target interactions with the potential of generating TDMD effects. 

TDMDfinder is a computational pipeline and webtool that, using both quantitative and 

qualitative parameters, measures the likelihood of any miRNA:target interaction resulting 

into TDMD. When applied to the human and mouse genomes, our pipeline identified 

thousands of pairs that display structural features that are compatible with TDMD. 

According to our predictions, about 1% of all miRNA:target interactions could induce target-

directed miRNA degradation. Thus, virtually, every miRNA might be regulated by several 

and independent transcripts via TDMD, suggesting a pervasive role of this mechanism in 

miRNA biology. In order to verify the accuracy of TDMDfinder predictions, we performed 

an extensive experimental validation in HeLa cells. We validated a set of potential TDMD 
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interactions related to 9 different miRNA families and achieved a 45.9% validation rate (17 

validated pairs out of 37), a performance which is in range with that of the computational 

tools usually used to predict canonical miRNA targets (Baek et al, 2008). Interestingly, some 

of the tested interactions were chosen from the Pan-cancer set and four out of seven of them 

were validated with the TDMD assay, by confirming the possible existence of cancer-

relevant TDMD interactions. Two peculiar features, such as the thermodynamic stability 

(MFE ratio) and the number of consecutive nucleotides in the 3’ region of the miRNA (3C 

type), were found to be significantly associated with validated interactions and were used to 

define a set of high-confidence (HC) TDMD pairs. All the “Predicted” or “HC” TDMD 

predictions can be easily recovered from the TDMDfinder, a webtool that provides the 

structural information on all TDMD-like interactions involving a specific miRNA and its 

targets. Importantly, the users are encouraged to customize TDMDfinder selection criteria. 

Indeed, the criteria to assess if a miRNA:target pair forms a TDMD-like structure are not 

rigid and could be customized in case of miRNA:target interactions with specific features.  

We measured the effects on miRNA decay with the “TDMD assay”. In principle, in the 

TDMD assay, the levels of miRNAs of interest are measured following the ectopic 

overexpression of any selected MDE. This is a procedure widely used to study TDMD 

effects (de la Mata et al., 2015; Sheu-Gruttadauria et al., 2019; Pawlica et al., 2016; Ghini, 

Rubolino et al. 2018). The specificity for TDMD effects was determined by using MDE 

mutant constructs where the seed regions were left intact but the 3C pairing sequences were 

deleted. An additional verification test consisted in measuring the levels of guide and 

passenger miRNAs, since TDMD mechanism acts at post-transcriptional level and affects 

selectively one of the two miRNA strands.  

3.3 TDMD mechanism in the miRNA biology 
 
TDMD is a mechanism acting at post-transcriptional level and it is capable of diversifying 

the expression of miRNAs that are associated from a transcriptional point of view. By 

analyzing through small RNA sequencing the set of TDMD assays performed in our 

validation studies, we were able to experimentally verify that many MDEs can discriminate 

between different members of the same miRNA family, if these have sufficiently different 

3C pairings. Hence, TDMD can function as a fine-tuning mechanism in the regulation of the 

expression of miRNAs organized in clusters or families. In addition, TDMD is a mechanism 

that, impacting on shared targets, influences also the miRNA activity (Ghini, Rubolino et 

al., 2018; Kleaveland et al., 2018; Bitetti et al., 2018). In fact, TDMD can be defined a new 
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mechanism in control of non-coding RNA biology that involves peculiar RNA molecules 

and regulates gene expression in trans (Kopp et al., 2018).  

It must be pointed out that the capability of a specific transcript to trigger TDMD, which can 

be predicted by TDMDfinder, does not imply that the degradation of the miRNA also 

happens in a physiological and/or pathological scenario, even for the interactions validated 

by the TDMD assay. In fact, the TDMD assay has the limit of ectopically overexpress MDE 

regions outside of their full 3’UTR structures. For example, an MDE site could not be able 

to bind the miRNA, as RNA binding proteins (RBPs) mask the region and/or the specific 

3’UTR structure. Furthermore, the experimental validation of a specific MDE by performing 

the TDMD assay is not sufficient to prove that the regulation by TDMD occurs in vivo and 

at endogenous level, because other factors, as the availability and the expression levels of 

either the target or the miRNA, also play a role in this process. Actually, the quantitative 

requirements for TDMD to take place have been investigated only in a limited context 

(Ghini, Rubolino et al., 2018; Kleaveland et al., 2018) and cannot be easy accounted for by 

a computational tool based on predictions. Further studies are needed to show in which 

specific landscape each of the predicted MDEs play a part.  

3.4 TDMD pairs in human cancer 

Human cancer is an interesting biological landscape for evaluating the implications of the 

TDMD pairs predicted by the TDMDfinder pipeline. We used the large TCGA datasets to 

extract quantitative information for whether miRNAs or targets in thousands of samples and 

investigate the relevance of TDMD couples at endogenous levels. Based on a set of 

correlation analyses that took into account TDMD effects on miRNA levels and miRNA 

activity, we speculated that TDMD might occur in human cancer. Indeed, miRNA levels are 

often deregulated in human cancer (Lujambio and Lowe., 2012) and this dysregulation 

cannot be justified in all cases by alterations in the biogenesis of miRNAs. Modulation of 

cancer relevant genes and pathways or chromosomal rearrangements, including 

amplifications and/or deletions, may cause dramatic changes in the expression of TDMD 

transcripts, thus contributing to alterations of miRNAs expression in cancer. Notably, we 

isolated a number of strongly supported interactions, namely “pan-cancer supported” TDMD 

pairs, that passed through additional tests, as the “Passenger test” (see chapter 3), and so 

reinforced the hypothesis that TDMD could take place in such cases. Importantly, these 

“pan-cancer supported” TDMD interactions include previously demonstrated endogenous 

TDMD transcripts, NREP and SERPINE1, and several of those that were experimentally 

validated by performing the TDMD-assay (ZFYVE26, RAB21, PTEN, IQSEC1, 
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BCL2L11), here analyzed at their endogenous expression levels. In order to provide a proof-

of-concept example of TDMD as a relevant mechanism in cancer, we dissected the miR-

30c:SERPINE1 interaction in the context of breast cancer. In TNBC/basal tumors, 

SERPINE1 endogenous expression is extremely high, suggesting that TDMD might be used 

to keep low levels of miR-30c, which is known to have a tumor-suppressor function in breast 

cancer, by increasing the sensitivity to chemotherapy drugs and inhibiting the growth of 

cancers stem cells (CSC) (Bockhorn et al.; 2013; Yu et al.; 2010; Chao et al; 2015). Our lab 

has acquired long-standing experience in breast cancer cellular models and in particular of 

TNBC cell lines, among which SUM159PT represents a versatile and useful model for 

cancer studies. We were able to interfere with the TDMD mechanism by either deleting the 

SERPINE1 MDE by CRISPR or using a LNA Target-Protector molecule, which obstructs 

the interaction between SERPINE1 mRNA and miR-30c. The levels and the activity of miR-

30c increased in both cases, further validating SERPINE1 as an endogenous TDMD for miR-

30c in human breast cancer cells. In agreement with previous observations in other systems, 

TDMD affected miR-30c levels in a relatively mild manner (2-fold increase upon TDMD 

disruption). As a further approach, we used a tunable (doxycycline dependent) system to 

mildly over-express (2 to 3-fold) miR-30c in SUM159PT cells and obtained a TDMD-like 

effect. Using these three independent and complementary experimental approaches we 

showed that two specific cancer phenotypes, namely the resistance to drug treatment (i.e. 

paclitaxel, frequently used in chemotherapy regimens) and the ability to survive in non-

adherent conditions, which is associated to cancer stem cells, were both dependent on a fully 

functioning TDMD mechanism. This is just a proof of principle validation of TDMD role in 

human breast cancer. In-depth characterization studies on several TDMD pairs, tumor types 

and phenotypes of cancer are required to completely unveil the function of TDMD in the 

mechanisms of cancer initiation and/or evolution.  

3.5 ZSWIM8 regulates miRNA expression in breast cancer 
 
A deeper understanding of the TDMD pathway would benefit from the identification of 

factors required for this mechanism. Although TDMD process was first discovered more 

than ten years ago, until 2020 the mechanistic model for miRNA degradation through 

TDMD remained elusive. Many candidates, such as terminal nucleotidyltransferases and 

nucleases were tested for roles in both TDMD and miRNA turnover (Rissland et al., 2011; 

Haas et al., 2016; Mansur et al., 2016; Kleaveland et al., 2018; Shukla et al, 2019; Pawlica 

et al., 2020; Burroughs et al., 2010). Recently, an unbiased genetic screening approach was 

set up to identify proteins involved in the TDMD machinery, revealing the ZSWIM8 culling-



126 
 

RING ubiquitin ligase substrate adapter as an essential mediator of this mechanism (Shi et 

al., 2020; Han et al., 2020). The discovery of ZSWIM8 as a crucial factor for TDMD 

provided us the opportunity to study the broad role of endogenous TDMD in breast cancer. 

Hence, we performed a CRISPRi based ZSWIM8 KD in a set of 8 different breast cancer 

cell lines, representing the entire spectrum of breast cancer subtypes, comprising Luminal- 

(MCF-7, T47D), Her2- (SKBR3, MDA- MB361) and TNBC- subtype (SUM159PT, MDA-

MB231, BT459, MDA-MB436). In total, we found 119 miRNAs that were significantly 

increased after ZSWIM8-KD, 55 of which were named “Breast cancer (BC) miRNA” and 

selected for additional test as they showed a consistent regulation upon ZSWIM8 KD (≥ 0.3 

L2FC), often in more than one cancer cell type, and had a medium to high level of expression 

in breast, which suggested these miRNAs to be active in this context.  

To get rid of any transcriptional effect triggered by ZSWIM8 KD, we performed a 

transcriptional analysis of precursor molecules (pri-miRNAs) to validate the “true” BC 

TDMD substrates. Globally, our analyses showed that loss of ZSWIM8 caused significantly 

increased accumulation of 31 miRNAs without any evidence of transcriptional regulation. 

We termed this “High Confidence (HC) BC miRNA”. Similarly, sRNA seq of ZSWIM8-

deficient MEFs, neurons or human cancer cell lines (HeLA, A549 and MCF7) revealed 32 

miRNAs that were upregulated after the impairment of TDMD (Shi et al., 2020; Han et al., 

2020). Interestingly, several HC BC miRNAs, such as miR-7, miR-335, miR-29b, miR-33 

and miR-744, showed increased accumulation also in MEFs, neurons or cancer cell lines 

(Shi et al., 2020; Han et al., 2020) suggesting that these miRNAs are substrates of 

endogenous TDMD triggers in multiple cellular contexts.  

Notably, most of HC BC miRNAs were cell line specific, while 9 out of 31 were strongly 

upregulated in more than one cell line. Among these 9 HC BC miRNAs, we found some that 

had been previously associated to breast cancer progression, such as miR-29-3p, miR-146b-

5p and miR-33b-5p. Specifically, the anti-metastatic role of miR-29b is known in breast 

cancer and the direct targets of this miRNA include a number of pro-metastatic factors 

involved in angiogenesis and remodeling of the tumor microenvironment, such as VEGFA, 

ANGPTL4, PDGF, LOX and MMP9 (Chou et al., 2013). Similarly, it was shown that miR-

33b, in addition to its role in the regulation of lipid, cholesterol homeostasis and glucose 

metabolism, inhibits breast cancer metastasis by targeting HMGA2, SALL4 and TWIST1 

(Yancheng et al., 2015). Furthermore, our group has linked miR-146b depletion to reduced 

pharmacological resistance in breast cancer (Tordonato et al., 2021). We still have much to 

learn about how TDMD impacts on miRNA activity in various cell types and in different 

biological contexts. In particular, we envision that different TDMD triggers might control 
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the level and the activity of their miRNA substrates either in steady state conditions or in 

response to specific stimuli, generating a complex scenario of miRNA levels. 

Looking ahead, identifying the TDMD triggers is crucial to validate the expanded role of 

TDMD mechanism in miRNA biology. To this aim, we designed an effective strategy based 

on the combined use of TDMDfinder predictions and experimental tools, such as CRISPRi. 

We exploited ZSWIM8 KD to identify the set of miRNAs under the control of TDMD in a 

given cell line. Then, we exploited TDMDfinder to identify potential TDMD triggers, and 

used RNA-seq information to define their expression levels. Finally, we inhibited the 

candidate TDMD-trigger by using CRISPRi system. We performed a proof-of-concept 

validation of the strategy on a candidate TDMD pair (NREP:miR-29b) by generating NREP 

KD SUM159PT and BT549 cells and observing stabilization of the mature miR-29b. No 

effects were found on the primary transcripts levels, proving NREP as the endogenous 

TDMD triggers of miR-29b in human BC cells. In the near future, we will select a small set 

of BC relevant TDMD interactions to test. By using the CRISPRi system, we will validate 

additional endogenous TDMD triggers for their ability to control miRNA level and activity. 

3.6 TDMD ZSWIM8 independent mechanisms 
 
The discovery of ZSWIM8 ubiquitin ligase substrate adaptor as an essential factor in TDMD 

pathway allowed us, for the first time, the identification of miRNA substrates that are 

regulated in breast cancer revealing more than 30 miRNAs significantly upregulated upon 

TDMD impairment. Similarly, previous studies focusing on a panel of ZSWIM8-deficient 

mammalian cell lines identified 32 miRNAs under the control a ZSWIM8-dependent TDMD 

mechanism (Shi et al., 2020; Han et al., 2020). Additional studies in Drosophila S2 cells 

knock-out for the ZSWIM8 homolog Dora and in C. elegans deficient of the ZSWIM8 

homolog EBAX-1 showed several miRNAs under the control of TDMD in these species 

(Shi et al., 2020). Interestingly, miR-30b-5p and miR-30c-5p, known endogenous TDMD 

substrate in mouse and human (Ghini, Rubolino et al., 2018, Simeone, Rubolino et al., 2022), 

were never found among the significantly upregulated miRNAs as a consequence of a 

ZSWIM8-dependent TDMD disruption. Here, by coupling the knock-down of ZSWIM8 

with the overexpression of SERPINE1 miRNA degradation element (MDE), we showed that 

miR-30b-5p and miR-30c-5p degradation through TDMD was unaltered after ZSWIM8 

depletion. Interestingly, ZSWIM8 transcript is widely expressed in human tissues with a 

median of 45.2 transcript per million (TPM) in a human transcript-expression atlas 

(Consortium et al., 2013) by suggesting that it could cause TDMD in many cell types. 

Nonetheless, three potential paralogs of ZSWIM8 in mammalian cells (ZSWIM4, 5, 6), 
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although less expressed than ZSWIM8 (median TPM 4.3 for ZSWIM4, 3.3 for ZSWIM5 

and 12.9 for ZSWIM6) might also drive TDMD, maybe recognizing peculiar miRNA-AGO-

transcript complexes. Actually it is still unknown how ZSWIM8 specifically recognize the 

AGO:miRNA complex. Structural studies revealed that base-pairing of a miRNA with a 

TDMD transcript promotes conformational changes of human AGO2, including opening of 

the central cleft (Sheu-Gruttadauria et al., 2019). It is possible that this configuration unveils 

a site that enables ZSWIM8 recruitment. Perhaps there are alternative mechanisms for the 

association of ZSWIM8 beyond extended 3’ complementarity, such as RNA binding 

proteins linked to the target and able to interact with ZSWIM8. It could be possible that 

specific RNA binding proteins have higher affinity for a given miRNA:target complex (i.e. 

miR:30b/c:SERPINE1)  and they are prone to interact with proteins displaying ZSWIM8-

like functions.  Coherently with this hypothesis, the F-box protein HAWAIIAN SKIRT, 

which functions as a cullin-RING ubiquitin ligase adapter protein, has been shown to be 

required for target directed miRNA degradation in Arabidopsis (Zhang et al., 2017; Lang et 

al., 2018; Mei et al., 2019). Further investigation about ZSWIM8 independent TDMD 

mechanisms are needed. Since the miR:30 family consist of five members who share the 

same seed sequence, it is very cumbersome to create a sensor that specifically monitor the 

decay of miR:30b/c. For this reason, as opposed for the TDMD pair miR-7:CYRANO (Shi 

et al., 2020; Han et al., 2020), it was not feasible for us to perform a genome-wide CRISPR-

Cas9 screen to identify the factors that are required for miR-30b/c TDMD.  

Moreover, despite the recent findings, many points should be clarified also in the current 

TDMD model. Specifically, in the new TDMD E3 model, ZSWIM8 senses the 

conformational changes that occur when the target RNA pairs with the 3' region of the 

miRNA. Then, AGO2 is polyubiquitinated and degraded exposing the miRNA to the action 

of some not yet identified cellular exonucleases, while the trigger is released undamaged, as 

it is protected by the presence of the 5 'cap and the 3' poly (A) tail. It is relevant that the half-

live of AGO2 protein is usually longer than the half-live of most miRNAs, by suggesting 

that, for numerous miRNA-AGO complexes, the miRNA is firstly degraded while AGO2 

protein is recycled (Kingston and Bartel, 2019).  

To conclude, the degradation of AGO-miRNA complexes through the ubiquitin-proteasome 

machinery might be a common mechanism to regulate the decay of miRNAs in several 

species, even if we still have a lot to learn about the molecular mechanisms underlying 

TDMD.  
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4. Materials and Methods 
 

4.1 Cell cultures and reagents 
 

Mouse 3T9 fibroblasts were cultured in DMEM (Dulbecco’s modified 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 contamination and resulted 

negative. 3T9 cells were induced to quiescence in a serum-deprived medium (0.1% FBS) for 

3 days. Cell cycle re-entry was stimulated by adding fresh medium with 10% FBS. 

 

HeLa cells (Human cervical carcinoma, ECACC No. 96112022) were cultured in DMEM 

supplemented with 10% FBS, 100 U/mL penicillin and 100 mg/mL streptomycin. Cells were 

routinely checked for mycoplasma contamination and always tested negative. HeLa cells 

carrying the PB-TRE-dCas9-KRAB construct, referred in the text as Hela-KRAB (see 

PiggyBac transposition) were cultured in the same media of parental HeLa cell line with 

10% TETFREE FBS and 100 µg/mL Hygromycyn B. 

 

SUM159PT, triple negative human BC cells, were cultured in Ham’s F12 medium, 

supplemented with 5% FBS (South American origin), 2mM Glutamine, 5 µg/mL insulin, 1 

µg/mL hydrocortisone, 10mM HEPES, 100 µg/mL of Penicillin/Streptomycin and were 

cultured under an atmosphere of 10% CO2 at 37°C.  

 

Other BC cell lines 

List of BC Cell lines PB-TRE-dCas9-KRAB transposed:  

 
FBS was substituted with Tetracycline Free FBS after transposition.  
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4.2 miRNA, Pri-miRNA and mRNA RT-qPCR expression 
analyses 

 

4.2.1 Total RNA extraction  

Total RNA extraction, including small RNAs, was performed with miRNeasy Mini Kit 

(Qiagen). Samples were prepared according to recommendations in the miRNeasy 

Handbook. Cells were spun down and resuspended in 700 µL of QIAzol Lysis Reagent and 

incubated at RT for 5 min; then 140 µL of Chloroform were added. The solution was then 

vortexed for 15 s and incubated at room temperature for 2-3 min. Each sample was 

centrifuged for 15 min at 12,000 x g at 4°C and the upper aqueous phase was transferred into 

a new collection tube. Then 1.5 volumes of 100% ethanol were added. Samples were 

transferred to RNeasy MinElute spin column and centrifuged at ≥8000xg for 15 s. The flow-

through was discarded. Columns were washed with 350 µL of RWT buffer. DNase treatment 

was performed on columns. DNase I was prepared diluting 10 µL of DNase I (Qiagen) in 70 

µL of RDD buffer and incubated at RT for 15 min. 350 µL of RWT were used for washing. 

Columns were further washed with 500 µL of RPE buffer in two centrifugation steps at 

≥8000xg of 15 s and 2 min. Empty columns were further centrifuged to remove residual 

ethanol. RNA was extracted in RNase free H2O and quantified by NanoDrop UV-Vis 

Spectrophotometer (Thermo Scientific). RNA was stored at -80°c.  

4.2.2 mRNA retrotranscription  

 
Pri-miRNAs and mRNAs were evaluated by quan3.1titative PCR on total RNA. Total RNA 

was retro-transcribed in cDNA according to SuperScript® VILO cDNA Synthesis Kit (Life 

Technologies cat.no. 11754050). The reaction was set-up as follows:  

 

Retro-transcription reaction was carried-out in a thermal cycler with the following 

conditions:  
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cDNA was stored at -20°c for subsequent amplification.  

4.2.3 Real time quantitative PCR  

Expression levels of pri-miRNAs and mRNAs were detected by Real-Time quantitative PCR 

(RT-qPCR) with Fast SYBR Green reagents (Life Technologies). About 25 ng of cDNA 

were used as the input to detect pri-miRNAs, instead 5 ng of cDNA were used as the input 

to detect mRNAs. For each cDNA sample, a reaction was set-up as follows:  

 

 
 

Reactions were carried out in BIORAD CFX Real-Time PCR detection system under the 

following cycling conditions:  

 

 
 

Regarding the pri-miRNAs, since the exact boundaries of most of them are not precisely 

known, it was necessary to manually define them. We designed specific pri-miRNA probes 

by using the UCSC Genome Browser where the sequencing tracks data were manually 

inspected to define the putative pri-miRNA regions of the miRNAs of interest. For each 
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intergenic and/or intronic miRNA we assessed the presence of adjacent track signals and 

then we defined the pri-miRNA design region about 500 base pairs upstream and 

downstream the miRNA of interest. For each intronic miRNA, we designed also primer pairs 

falling into the host gene, while for miRNAs of interest within a cluster we avoided the 

design over other miRNAs not involved in the analysis. Once retrieved the specific 

sequences, primer pairs were designed through computer assisted primer design software 

(Primer3 Plus). All primer pairs were tested for the linear amplification of their target with 

serial dilutions of cDNA.  

The complete list of primers used in chapter1, 2 and 3 are available online in the 

Supplementary data of the associated paper. The complete list of primers used in chapter 4 

are available upon request. 

Reactions were performed in triplicates. Data were normalized on Ct values of the 

housekeeping gene RPLP0 and/or GAPDH by calculating their ΔCt. Data in the text are 

expressed in Relative RNA expression calculated according to the formula 2^-ΔCt.  

 

4.3 MiRNA expression analyses  
 

4.3.1 microRNAs retrotranscription 

Mature miRNAs were detected by RT-qPCR with the miScript system (Qiagen) for the 

experiments described in chapter 1, 2 and 3. Since the miScript system was no longer 

available, experiments described in chapter 4 were performed by using the miRCURY 

system (Qiagen), a LNA-based system for sensitive and accurate detection of miRNAs by 

qPCR. 

MiScript protocol 

Total RNA was retrotranscribed into cDNA according to miScript II RT Kit. Reverse 

transcription reaction components are reported in the table below: 
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The protocol consists of the following steps: 

 

MiRCURY protocol 

The method is based on universal reverse transcription (RT), followed by real-time PCR 

amplification with LNA-enhanced primers. For the cDNA synthesis with the miRCURY 

LNA RT KIT, each RNA sample is diluted to 5 ng/µl using nuclease-free water. The reverse 

transcription reactions were all prepared on ice using 10 ng of RNA for each sample, 

according to the standard protocol: 

 

The reverse transcription reaction protocol consists of the following steps: 
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4.3.2 MicroRNAs Real Time-quantitative PCR (RT-qPCR)  

 
In order to measure expression levels of specific miRNAs, cDNAs were amplified and their 

levels were detected by Real-Time quantitative PCR (RT-qPCR). Relative to the miSCRIPT 

system, for each cDNA sample a mix was prepared according to the following volumes: 

 

The amplification reaction protocol consists of the following steps: 

 

miRNAs were detected using miScript Primer Assays available in the Qiagen catalog online. 

For the miRNA qPCR showed in the chapter 4, the miRCURY LNA SYBR Green PCR Kit 

was used. The cDNAs were then diluted 1:60 with nuclease free water and amplified with 

the specific primer mix according to the following protocol:  

 

The amplification reaction protocol consists of the following conditions:  
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miRNAs were detected using miRCURY® miRNA Assays available in a Qiagen online 

list. 

4.4 RNA sequencing and data analysis  
 
Libraries were generated using the TruSeq RNA Library Prep Kit v2 (Illumina). Next, 

sequencing was performed on an Illumina HiSeq 2000 at 50 bp single-read mode and 50 

million read depth (3×). Reads were aligned to the reference genome using the TopHat 

aligner (version 2.0.6) with default parameters. Differentially expressed genes were 

identified using the Bioconductor package DESeq2 based on read counts, considering genes 

whose q value relative to the control was lower than 0.05 and whose maximum expression 

was higher than RPKM of 1. For miRNA-target analysis, mouse miR-30 targets were 

downloaded from TargetScan 7.1, including information on conservation and on the type of 

seed (8-mers, 7-mer-m8, and 7-met-1A). 

4.5 sRNA sequencing and data analysis  
 
Small RNA sequencing (sRNA-seq) libraries were prepared with the TruSeq Small RNA 

Kit (Illumina), following the manufacturer’s instructions. Next, sequencing was performed 

on an Illumina HiSeq 2000 at 50 bp single-read mode and 20 million read depth (8×). 

Sequencing quality was checked in the FASTQC report, by considering only the experiments 

with Q30 or above (Phred Quality Score). miRNA counting was performed with the 

Isomirage tool (Muller et al., 2014). Normalization was performed with the library size 

(reads-per-million). All the analyses were performed on canonical and templated miRNA  

reads to exclude miRNA 3’ isoforms, which are typically modulated upon TDMD.  
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4.6 miRNA 3C-target analysis  

3C-targets were selected according to criteria outlined in Figure 23. Both the conserved sites 

(CS) and non-conserved sites (NCS) were used. Targets were then classified according to 

the 3′ end pairing contribution, a feature that measures the presence of a binding region, in 

addition to the seed, located at the 3′ end of the miRNA. Those targets containing 3′ end 

supplementary regions were referred to as “3C target genes” (3C_TGs) and classified in 

three classes (HIGH, MID, LOW) according to the 3′ pairing contribution score, as shown 

in chapter 1. Targets expressed in 3T9 mouse fibroblasts were identified by crossing the list 

of 3C_TGs with RNA-seq data sets (growing cells and serum stimulated cells). Genes with 

FPKM values < 1 were considered as ‘not expressed’ and, therefore, excluded. Finally, we 

selected targets of expressed miRNAs in 3T9 cells, by considering sRNA-seq data and 

filtering miRNA > 10 cpm.  

4.7 Generation of SERPINE1-MRE Knockout 
 

SgRNAs flanking MRE of miR-30 were designed for SERPINE1 transcript, using the 

CRISPR Design Tool. SgRNAs were cloned into the PX458 vector (Ran et al. 2013). Cells 

(3T9 fibroblasts and SUM149PT) were co-transfected with two PX458 vectors (sgRNA_1 

and sgRNA_2) harboring single sgRNAs sequence (5 µg each construct) together with Cas9-

GFP. The transfection efficiency with lipofectamine 3000 was around 30%. At 48 h after the 

transfection, the top 5% of GFP+ cells were sorted as single cells into 96-well plates. After 

2 weeks, deletions in clonal cells were screened by PCR using specific primers to detect bi-

allelic deletions. Positive clones were confirmed by DNA sequencing. The protocol 

efficiency was about 20% for mono-allelic and 2% for bi-allelic deletions in 3T9 fibroblasts, 

instead 66% for mono-allelic and 17% for bi-allelic deletions for SUM159PT cells. The PCR 

primers and the sgRNAs used in clone screening were reported in Supplementary Table S5 

(Ghini, Rubolino et al., 2018).  

4.8 Rescue of MRE expression by adenoviral constructs 

In order to re-express MRE of miR-30, recombinant adenoviruses were produced using the 

AdEasy System (Agilent), following manufacturers’ instructions. Briefly, gene synthesis 

(GenScript) generated a mCherry-Serpine1 (3′UTR) construct that was cloned into pShuttle 

vector (Agilent) by adding KpnI-NotI sites at the extremities. After homologous 

recombination in BJ5183-AD-1 cells (Agilent), positive recombinants (isolated by PacI 

digestion) were used to produce adenoviruses in 239 cells. Viruses were finally concentrated 
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with Adeno-X maxi purification kit (Takara). The full list of the mCherry-Serpine 3′UTR 

construct and the oligonucleotides used to produce the adenoviral constructs were reported 

in the methods of the related paper (Ghini, Rubolino et al., 2018). 

4.9 Expression of mutant-binding sites for miR-30 

In order to re-express different variants of MRE of miR-30 in MRE-KO clones, we cloned 

MRE with 20 surrounding bases into EcoRI-XhoI sites that were put after the stop codon of 

an eGFP cloned in a pcDNA3.1 mammalian expression vector (Thermo Fisher Scientific). 

Vectors were transfected in MRE-KO clones with Lipofectamine 3000 reagent (Thermo 

Fisher Scientific). Cells were collected for RT-qPCR analysis after 48 h.  

4.10 Measurement of miR-30 activity (miR-sensor) by flow 
cytometry 

 
A sequence harboring four complementary repeats for miR-30c-5p and a control sequence 

were purchased from TwinHelix and cloned (XbaI/XmaI) into the 3′UTR of a destabilized 

GFP (dGFP) of a bidirectional lentiviral vector (BdLV_1370), which also expressed ΔNGFR 

under the same promoter (a kind gift from Luigi Naldini). Infected cells were analyzed by 

FACS (MACSQuant Flow cytometer, Miltenyi) to isolate populations with similar ΔNGFR 

expression. Data analysis was performed with the FlowJo software (TreeStar): for each cell, 

fluorescence levels of ΔNGFR and dGFP were log-transformed and cells were then divided 

into bins of 1000 cells each, based on their ΔNGFR level. Finally, dGFP expression was 

calculated for each bin and repression folds were calculated as the ratio [dGFP(miR-30)] / 

[dGFP(control)].  

4.11 mRNA:miRNA TDMD predictions 
 

All the human and mouse target:miRNA interactions data used (conserved (C) and non-

conserved (nC), respectively, Nhuman_C = 257466, Nhuman_nC = 14279806, Nmouse_C = 193264, 

Nmouse_nC = 10662819) were downloaded from TargetScan database. The TargetScan 

database was also used to retrieve the position of all MREs within its 3'UTR region. Then, 

the ~30 nucleotides upstream the MRE were retrieved from Ensembl database and the 

pairwise sequence alignments was performed, in a global fashion, by using the 

pairwiseAlignment function in the Biostring library from Bioconductor and as gap penalty 

and substitution scoring scheme we found in microRNA.org. Only the alignments covering 

the entire length of the miRNA were further analyzed in order to find the “best alignment”, 
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defined as the one having i) an alignment score falling between the 50th and the 100th 

percentile and ii) the smallest number of gaps. For each aligned RNA duplex, information 

on the number of matches, mismatches, and consecutive aligned characters was extracted 

using a custom implemented R function, together with additional information, such as 

dimension of the bulge. In order to identify 3’ complementary regions (3C) compatible with 

TDMD, we identified all the pairs with 7 or more (≥ 7) consecutive pairings (tolerating one 

G:U wobble).    

4.12 Calculation of Minimum Free Energy (MFE) 
 

The RNAhybrid tool (Kruger et al., 2006) was used to calculate the minimum free energy 

(MFE) of hybridization of each predicted mRNA:miRNA duplex. For each interaction, the 

ratio between its MFE and the MFE of a “theoretically perfect TDMD” was also calculated. 

These “perfect TDMD-interactions” were built ad-hoc for all annotated miRNAs, using 

RNA sequences complementary to the specific miRNA sequence in all positions except for 

position 9,10 and 11 (i.e. bulge region).    

4.13 Predicted and HC TDMD pairs selection and phylogenetic 
conservation 

 

To define the list of the predicted TDMD pairs, we considered the following criteria: i) 

alignments with seven or more consecutive 3C matches ( ≥7), ii) a bulge extension between 

2 and 8 nucleotides in total (≥2 and ≤8) and iii) a MFE ratio greater than 0.7 (≥0.7). HC 

TDMD pairs were selected from the list of predicted TDMD pairs by filtering out those with 

six or more consecutive 3C matches (≥6), considering canonical pairings only, and a MFE 

ratio greater than 0.8 (≥0.8). For each predicted TDMD pair, the phylogenetic conservation 

of the region corresponding to the 3C pairing was measured using the PhyloP scores 

(retrieved from the UCSC). We used PhyloP scores calculated from multiple sequence 

alignments of 99 vertebrate genomes with the human genome (hg19/GRCh37). 

PhyloP scores were first calculated at single nucleotide level and then averaged over the 

entire 3C pairing region, defined as a stretch of consecutive base pairs. For non-TDMD, the 

PhyloP score is calculated by considering a fixed window of 7 bases.    
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4.14 Pan-Cancer TCGA Analysis 
 

Target mRNA Expression Data  

Normalized Genomic Data Commons (GDC) harmonized RNA-seq data [both mRNA and 

miRNA, respectively FPKM (Fragments Per Kilobase Million) and RPM (Reads Per 

Million)], of 21 selected TCGA solid primary tumor types (BLCA, BRCA, CESC, COAD, 

ESCA, HNSC, KIRC, KIRP, LGG, LIHC, LUAD, LUSC, OV, PAAD, PCPG, PRAD, 

READ, SARC, STAD, THCA, UCEC) were downloaded using the TCGAbiolinks 

R/Bioconductor package (Colaprico et al., 2016), including 8572 patient samples. 

 

MiRNA expression data  

Loci-based isoform quantification txt files, which report counts (raw and normalized to 

RPM) of every miRNA-seq read observed, were retrieved using TCGAbiolinks. 

 

Target:miRNA and Target:Activity correlations  

The correlation between TDMD target expression and miRNA expression was measured for 

all HC TDMD pairs in each cancer type using the Spearman test (“miRNA Expression 

Test”). In each tumor sample, the activity of each miRNA of the human HC set was estimated 

with the ActMir algorithm (Lee et al., 2016), 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 candidate TDMD transcripts. The 

correlation between miRNA activity and the expression level of any of its predicted TDMD-

targets was evaluated using the Spearman test (“miRNA Activity Test”). For the Pan-cancer 

interactions we calculated also the correlation between the TDMD target and the passenger 

strand of the targeted miRNAs in each tumor type. A “Normalized Spearman Correlation” 

was then computed as (Rho.Guide - Rho.Passenger). For passenger miRNAs with multiple 

genomic loci (e.g. miR-24-1-5p and miR-24-2-5p), the average correlation was used. 

4.15 TDMDfinder tool 
 

TDMDfinder is a web tool which consists 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 (http://213.82.215.117:9999/TDMDfinder/index.php). The user 

interface allows to search and visualize the results and to export the results in standard 

formats, such as Excel/csv for tables and PNG for plots. The computational backend is 
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designed to dynamically build SQL (Structured Query Language) queries for data retrieval 

and to perform statistical tests and draw plots using the analysis section. 

4.16 TDMD-assay 
 

With the aim of overexpressing the MDEs of the selected TDMD triggers, MDE sequences 

and controls (mutant seed and scrambled sequences) were sub-cloned into the mammalian 

expression vector PCDNA 3.1 vector, a gift from Doug Golenbock (Addgene plasmid, 

#13031), in the 3'UTR of an EGFP reporter gene. For miR-106b and miR-26a were designed 

two other positve controls, namely “Optimal TDMD” (sequencences pairing with all bases 

of the miRNA, except for positions 9, 10 and 11). 

HeLa cells were transfected by using Lipo3000 (ThermoFisher Scientific) with the PCDNA 

EGFP-MRE-X constructs in six-wells (400.000 cells/well) and cells were collected 72h after 

transfection. The full list of constructs is available online in the Supplementary table S2 of 

the associated paper (Simeone, Rubolino et al., 2022). 

4.17 Inducible Expression of miRNAs 
 
Inducible expression of miR-30c was achieved using the pSLIK-Hygro system (Addgene 

plasmid #25737) containing a fragment of the miR-30c primary transcript had been sub-

cloned from Lenti-miR microRNA precursors clones (System Biosciences). As negative 

control pSLIK-Hygro empty vector has been used. Doxycycline was dissolved in water 

(10mg/mL stock solution) and used as indicated. 

4.18 Mammospheres cultures 
 

In order to obtain first-generation mammospheres, 200 cells were seeded in ultra-low 

adherent plates in presence of methylcellulose (MethoCult M3236, Stem Cell Technologies), 

diluted 1:1 in MEBM supplemented with 5 µg/ml insulin, 0.5 µg/ml hydrocortisone, 2% B27 

(Invitrogen), 20 ng/ml EGF and bFGF (BD Biosciences), and 4 µg/ml heparin (Sigma). After 

7 days, mammospheres were counted. As for the second-generation assays, spheres were 

mechanically dissociated and 200 cells from disaggregated primary-mammospheres were 

plated in the same conditions as above. 
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4.19 Cell viability analysis  
 

SUM159pt cells were seeded in complete medium in 96-well plates (3000 cells/well) and 

treated with paclitaxel (1000 nM, 100 nM, 10 nM and 1 nM). After 72 hours, cell vitality 

was measured by ADP-Glo™ Max Assay (Promega, V7001) following the manufacturer’s 

instructions. Measurements were acquired from 8 different wells in each of the biological 

replicates. 

4.20 Target site blockers 
 

miRCURY LNA Target Site Blockers (TSB) were designed by Exiqon. TBS-SE selectively 

binds a sequence that overlaps the MRE for miR-30 in the SERPINE1 3'UTR. TBS-Ctrl has 

no significant match to any annotated human 3'UTR. SUM159PT (200.000 cells/well) were 

in reverse transfected by using Lipo3000 with the miRCURY LNA TSBs (TBS-SE or TBS 

Ctrl) at two different concentrations (50 nM and 100nM).   

Quantity of each reagent is reported in the following table:  

 

 
After 72hrs miRNA activity was measured. 

4.21 Production of stable dCas9-KRAB cell lines and sgRNAs 
delivery 

 

4.21.1 Cloning of PB-TRE-dCas9-KRAB 

The PB-TRE-dCas9-KRAB plasmid was previously generated by Bianca Giuliani in the lab. 

Specifically, the DNA sequence of KRAB repressor domain was amplified by PCR from the 

pHAGE TRE dCas9-KRAB (Addgene plasmid #50917) and cloned in frame into the PB-

TRE-dCas9-VPR backbone (Addgene plasmid #63800) within the AscI/AgeI sites. The 

cloning was sequence-verified by Sanger Sequencing.  
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4.21.2 PiggyBac Transposition 

Cells were seeded at 60-70% confluency the day before transposition in six well plates. Cells 

were transfected according to Lipo3000 protocol with 500 ng of transposon DNA (PB-TRE-

dCas9-KRAB) and 200 ng of SuperPiggyBac transposase helper plasmid (Systems 

Bioscience). Specifically, the DNA was diluted in 125µL of Opti-MEM (ThermoFisher 

Scientific) and 5µL of P3000 transfection reagent. 7.5 µL of Lipofectamine3000 were diluted 

in 125 µL of Opti-MEM and vortex thoroughly. The DNA mix and Lipo mix were mixed 

1:1 and incubated for 20 min at room temperature, then added dropwise to cells with fresh 

media. After 72h from transfection, cells were put in selection with 200 µg/mL Hygromycin 

B. 

 

4.21.3 Lentiguide cloning for sgRNAs delivery 

LentiGuide (Addgene#52963) cloning occurs within the Esp3I sites. Restriction digestion 

was performed as follows: 

 
The reaction was incubated for at least 2h at 37°C. Digested plasmid was purified from a 

1.2% agarose gel and dephosphorylated as follows: 

 
 

sgRNAs oligos were purchased by Sigma-Aldrich. Forward and Reverse phosphorylated 

oligos were annealed: 
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Annealed Oligos were diluted 1:200 in H2O for subsequent ligation reaction: 

 
 

3 µL of ligation mix were used for subsequent transformation in Stbl3 cells. Cloning 

was sequence-verified by Sanger Sequencing. 

 

4.21.4 Lentiviral production 

HEK293T cells were seeded 24 hours before transfection at 70-80% confluency in DMEM 

media with Glutamax, supplemented with 10% TET FREE FBS and 100 µg/mL of 

Penicillin/Streptomycin in 6 well plates. The plasmid sgRNAs were packaged with psPAX2 

(gag&pol) and VSV-G (envelope) plasmid transfected according to Lipofectamine 3000 

protocol.  The transfection mix was then added dropwise to cells with 1.5 mL of fresh media 

that was replaced after 12-16 hours. Supernatant was collected 24 hours after media 

replacement and centrifuged to remove cell debris, filtered through 0.22 µm syringe filters 

and used for subsequent infection. 
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4.21.5 Lentiviral transduction 

Cell lines used in chapter 4 were seeded at 50% confluency the day before the transduction. 

Polybrene was added to the undiluted lentiviral supernatant to a final concentration of 1 

µg/mL Transduction was usually carried out over-night and the following morning media 

was changed. Selection was started 48 hours after the end of infection. Cells were treated 

with 0.5 µg/mL of Doxycycline for 7 doublings to induce the KD of the gene of interest 

(ZSWIM8 and NREP). The sgRNAs sequences are reported below: 
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