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miRNA target identification

» Low-throughput genetics (measures in vivo phenotypes).

» High-throughput molecular biology (finding mRNAs
bound, or repressed, by a miRNA).

» Computational predictions.
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miRNA target prediction

miRNA:

target:

NNNNNNNNNNNNNN3
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False-positives in

. . . icroRNA tar,
miRNA target prediction " identification
+ context features miRNA target
identification
2 7
miRNA: 5 qu h;INNNNNNNNNNNNNNa
| |

target: N_ T ~——

Conservation in evolution

List of 3" UTRs with conserved complementarity
to miRNA seeds (— "predicted targets").

Inconsequential interactions — even high-throughput
identification needs to assess conservation.
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False positives in target prediction identification

USP9X mRNA miR-134 site

False positives in
target prediction

Mus musculus

BO®R

Homo sapiens

Sus scrofa

Bos taurus m
Sarcophilus harrisii .‘
Monodelphis domestica @F

Gallus gallus
Taeniopygia guttata ﬁ
Danio reric < igreg

(Pinzén et al., 2017)
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False positives in target prediction identification

USP9X mRNA miR-134 site

False positives in
target prediction

Mus musculus A-UUDU-|
Homo sapiens (G- AT

Sus scrofa G-cal
Bos taurus G- AG!

Sarcophilus harrisii
Monodelphis domestica

Gallus gallus

§GAAT
§GAAT
IGAAC
IGAA(

Taeniopygia guttata

Danio rerio GAUGUGHC ARGC
NI [ARRNAN
miR-134: . GGGGAGACCAGUUGGUCAGUGU, .

I: conserved in 8 or 9 species out of 9 D: conserved in 6 or 7 species out of 9 D: conserved in less than 6 species out of 9

(Pinzén et al., 2017)
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USP9X mRNA miR-134 site

False positives in
target prediction

miR-134

Mus musculus A-UUDU-|
Homo sapiens (G- AT

Sus scrofa G-cal
Bos taurus G- AG!

§GAAT
§GAAT
IGAAC
IGAA(

GAUGUGHC! IAAGCH
NI [ARRNAN
miR-134: 3 ,GGGGAGACCAGUUGGUCAGUGUS .

I: conserved in 8 or 9 species out of 9 D: conserved in 6 or 7 species out of 9 D: conserved in less than 6 species out of 9

(Pinzén et al., 2017)
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False positives in target prediction

Measuring miRNA-independent conservation with control
k-mers (with same G/C content, dinucleotide
composition, ...; Friedman et al., 2009).

— not submitted to the same selective pressure than actual
miRNA seed matches (e.g., protein binding sites).
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Binding site evolution after miRNA loss

After loss of a complete miRNA family (*), how long do its
seed matches persist 7

(*): family: all the miRNAs sharing the same seed sequence
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Binding site evolution after miRNA loss

After loss of a complete miRNA family, how long do its seed
matches persist ?

We need to be lucky: loss of complete miRNA families a
long time ago (many species with miRNA loss).
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Binding site
evolution after
miRNA loss
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False-positives in
microRNA target

St rategy identification

» What species should we look at?
» What miRNAs should we look for?

» How should we qualify a loss?

Nov. 24, 2021: 522 vertebrates at “chromosome” level.
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Lepidosauria (n=16)

Dinosauria
(v=92)

Perissodactyla (n=4)

Testudnata
o

=9) Artodactyl (

Proidota (=2)

Strategy

Carnivora (v=30)

Chiroptera (n=11)
Eulpotyphia (0=2)
Primates (1=24)

Dermoptera (1)

Rodentia

osemersna (1)
rotnera

Xenariva (1=2)
Protothera (n=2)

‘Amphitia (v=17)

Dipnomorpha (n=2)

Costacanthimorpha
=)

Acanthomorpha
(n=124)

Protacanthopterygi (n=15)

Ostariophysi (1=33)
Clupeomorpha (0=5)
Gsicoglossomorpha (1=3)

e i)

~— oo d)
Cycostomata (n=3)

Chondrichihyes (n=9)
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Strategy

» What species should we look at?
» What miRNAs should we look for?

» How should we qualify a loss?
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False-positives in
microRNA target

St rategy identification

» What species should we look at?
» What miRNAs should we look for?

» How should we qualify a loss?

Unique vertebrate miRNA
sequences in miRBase "
(n=14,804) Strategy

Unique vertebrate miRNA
sequences in MirGeneDB]|
(n=2,822)

From 848 Common sequences
unique families n=1,649
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St rategy identification

» What species should we look at?
» What miRNAs should we look for?

» How should we qualify a loss?

Ovalentaria
Eupercaria
Paracanthopterygii
Otomorpha

Holostei
—Vertebrata Sauropsida

Actinopterygii

Sarcopterygii

Amphibi

Cyclostomata Coelacanthimorpha

More convincing if many species in clade of loss.




False-positives in

microRNA target

St rategy identification

» What species should we look at?
» What miRNAs should we look for?

» How should we qualify a loss?

Ovalentaria
Eupercaria
Paracanthopterygii
Otomorpha

Holostei
—Vertebrata Sauropsida

Actinopterygii

Sarcopterygii

Amphibi

Cyclostomata Coelacanthimorpha

>10 species in clade of loss; presence in sister clade + 3
closest cousin clades.




Observed losses

Clade \ miRNA family ‘
Feliformia miR-541
Ferae miR-598
Mammalia miR-456
Eutheria miR-2188
Myomorpha miR-656
Mammalia miR-460b
Feloidea miR-676
Cervidae+Bovidae miR-676
Whippomorpha miR-769
Cervidae+Bovidae miR-509
Protacanthopterygii miR-31
Myomorpha miR-885
Myomorpha miR-3959
Theria miR-458
Pinnipedia+Musteloidea miR-297
Bovidae miR-325-3p
Cervidae+Bovidae miR-514
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False-positives in
microRNA target
identification

Observed losses
miR-656 family:

At least 10 species
in clade of loss

In sister clade + at least 3 degrees of cousinhood: miRNA family
with certified presence in >50% of species at each degree
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microRNA target

Evolution of seed match count after loss identification

Conserved 3" UTR seed matches
between cousin and grandcousin
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PhyloP score: measures probability of selective conservation
of seed match in a given clade vs. rest of tree.




False-positives in
microRNA target

Evolution of seed match count after loss identification

Extract corresponding 3" UTRs
in clade of loss and sister clade

— . 4 Align and compare conservation
= of seed match vs. rest of the UTR

PhyloP score: measures probability of selective conservation
of seed match in a given clade vs. rest of tree.

— Selects seed matches with selective conservation in
rodents, then compare their conservation in rodent subclades
(clade of loss vs. sister clade).
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Evolution of seed match count after loss

After miR-656 family loss:

—}-nt 444-449

Cricetulus griseus CSRNP2 3" UTR: ;

1

In Rodentia:
Site Conservation vs. rest of UTR
p-value

nt 444—449 0.00005
nt 2225-2230 0.00000

N =b-nt 2225-2230
P
g

False-positives in
microRNA target

identification




Evolution of seed match count after loss

After miR-656 family loss:

—}-nt 444-449

Cricetulus griseus CSRNP2 3" UTR: ;

1

Acceleration of evolution in subclades:

Site Clade of loss
p-value
nt 444-449 0.03954

nt 2225-2230 1.00000

N =b-nt 2225-2230
P
g
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Evolution of seed match count after loss

After miR-656 family loss:

—}-nt 444-449

Cricetulus griseus CSRNP2 3" UTR: ;

1

Acceleration of evolution in subclades:

Site Clade of loss | Sister clade
p-value p-value

nt 444-449 0.03954 0.50000
nt 2225-2230 1.00000 1.00000

N =b-nt 2225-2230
P
g

False-positives in
microRNA target
identification




Evolution of seed match count after loss

miR-656

. .ACUGACAUAUUAUAA

CSRNP2 mRNA:

Fukomys damarensis
Heterocephalus glaber
Chinchilla lanigera
Octodon degus
Marmota flaviventris
Ictidomys tridecemlineatus
Peromyscus maniculatus bairdii
Peromyscus leucopus
Onychomys torridus
Microtus ochrogaster
Arvicola amphibius
Cricetulus griseus
Mesocricetus auratus
Meriones unguiculatus
Arvicanthis niloticus
Mastomys coucha
Mus pahari

Mus caroli

Mus musculus

Rattus norvegicus
Rattus rattus
Nannospalax galili
Jaculus jaculus

(AR
UUGAC
UUGAC
UUGAC
UUGAC

UC-UAIIUIUCAAU

Uguc--C
U UBCCAAC
U UUCCAAC

UAREE~RRGuBCcARE
UARGU~ARBUHCCARC

UcRBETACEBuucad
UGCEUUARUAUUGAL

60 80 100

% identity

Sister clade
(kept the miRNA)

Clade of loss
(lost the miRNA)
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eed match
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Evolution of seed match count after loss

After miR-656 family loss:

=1 nt 152-157
=t nt 200-205

Cricetulus griseus ABCD3 3" UTR:

1

Acceleration of evolution in subclades:

Site Clade of loss | Sister clade
p-value p-value
nt 152—-157 1.00000 0.00583
nt 200-205 0.18718 0.50000

1
1372
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Evolution of seed match count after loss identifcation
miR-656
. . .ACUGACAUAUUAUAA
. 60 80 100
ABCD3 mRNA: [ERERE % identity
Fukomys damarensis
Heterocephalus glaber
Chinchilla lanigera Sister clade

Octodon degus

Marmota flaviventris
Ictidomys tridecemlineatus
Peromyscus maniculatus bairdii
Peromyscus leucopus
Onychomys torridus
Microtus ochrogaster
Arvicola amphibius
Cricetulus griseus
Mesocricetus auratus
Meriones unguiculatus
Arvicanthis niloticus
Mastomys coucha

Mus pahari

Mus caroli

Mus musculus

Rattus norvegicus

Rattus rattus

Nannospalax galili
Jaculus jaculus

(kept the miRNA)

_A

L Clade of loss
(lost the miRNA)




False-positives in
microRNA target

Evolution of seed match count after loss identification

Sciuromorpha (sister clad

\Myomorpha (clade of loss)
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Evolution of seed match count after loss identification

a+Sciurormn

\Myomorpha (clade of

1009 _\ Accelerated evolution in sister clade lution of seed match
} Accelerated evolution in clade of loss er loss

80
Equally conserved in clade of loss
and sister clade

60

40
Not significantly conserved
in superclade

204

n=1861
0- i
miR-656 in

Myomorpha




Percentage among ancestral sites

100+

80

60

40

20

Evolution of seed match count after loss

| Accelerated evolution in sister clade
'Accelerated evolution in clade of loss

Equally conserved in clade of loss
and sister clade

n=1861 n=2156 n=91 n=474 n=1353 n=902
T T T T T 7
miR-656 in miR-541 in miR-598 in miR-769 in miR-885 in miR-3959 in
Myomorpha Feliformia Ferae

Not significantly conserved
in superclade
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ed match
count after loss




False-positives in
microRNA target

Evolution of seed match count after loss identification

}Myomorpha (cla

1009 — [ Accolerated ovoluton in sistor clade
+ Accelerated evolution in clade of loss
” Equally conserved in clade of loss
£ 80 and sister clade
T
3
2 604
5
>
5
E
o 404
3 Not significantly conserved
8 in superclade
3
& 20
0 n=1861 n=2156 n=91 n=474 n=1353 n=902
- T T T T T T
miR-656 in miR-541 in miR-598 in miR-769 in miR-885 in miR-3959 in
Myomorpha Feliformia Ferae

— Most of these seed matches are conserved in a
miRNA-independent manner.
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Six analyzed family losses out of 17...
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Under-studied sister clade:




Perspectives

Under-studied sister clade:
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Under-studied sister clade:
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Perspectives identification

Too deep clade, no ancestral site:
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False-positives in

microRNA target

Perspectives identification

In addition to 17 miRNA family losses: 158 miRNA family
gains.

— Searching for the appearance of conserved sites in clade
of gain vs. sister clade.
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https://clinicaltrials.gov/ct2/show/NCT01829971

Implications in molecular oncology

Since 2007: miR-34a, a tumor suppressor miRNA 7
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Implications in molecular oncology
Since 2007: miR-34a, a tumor suppressor miRNA 7

2013-2017: Clinical trial (synthetic miR-34a in patients with
solid tumors) ...
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Implications in molecular oncology
Since 2007: miR-34a, a tumor suppressor miRNA 7

2013-2017: Clinical trial (synthetic miR-34a in patients with
solid tumors) ... interrupted prematurely (inefficient; severe
adverse secondary effects).

A huge corpus of molecular data suggesting tumor
suppressive functions.
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https://clinicaltrials.gov/ct2/show/NCT01829971
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac277

Implications in molecular oncology
Since 2007: miR-34a, a tumor suppressor miRNA 7

2013-2017: Clinical trial (synthetic miR-34a in patients with
solid tumors) ... interrupted prematurely (inefficient; severe
adverse secondary effects).

A huge corpus of molecular data suggesting tumor
suppressive functions.

Mockly et al., 2022: anti-proliferative activity was artifactual.
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https://clinicaltrials.gov/ct2/show/NCT01829971
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac277

Implications in molecular oncology
Since 2007: miR-34a, a tumor suppressor miRNA 7

2013-2017: Clinical trial (synthetic miR-34a in patients with
solid tumors) ... interrupted prematurely (inefficient; severe
adverse secondary effects).

A huge corpus of molecular data suggesting tumor
suppressive functions.

Mockly et al., 2022: anti-proliferative activity was artifactual.

Most common mistake: miRNA over-expression by
transfection.
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&
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o

p-value = 1.99x10"*
10 nM ctrl duplex
ol 10 nM miR-34a duplex

10 20 30_40 50 60 70
Time (h)

log(number of cells) relative to t = 0 h

1x107

1x10°

1x10°

1x10*

g |
1x102 --

Time post-transfection (h): 124 124 124 124 124 124

miR-34a mimic ("M): _ 0 1 10 0 1 10
Quantified miRNA: miR-34a miR-21

Copies of mIRNA/ng of total RNA
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1x107
1x10°
1x10°
1x10%

1x10°

Copies of MIRNA/ng of total RNA

1x10?

Time post-ransfection (h): 1 24

&

N

&

o
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