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miRNA 1s a new class of genes encoding short RNAs
able to regulate gene expression
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Evolutionary Conservation of
miRNA sequences
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Lim et al. compared the identified miRINA sequences from C. e/egans to the
human genome, and found that over 1/3 of these genes had homologs in
humans.




miRNA: structure,
biogenesis and
e molecular function
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Target genes by computational analyses

a Motif MEME UTRs with Motif
size expectation consensus (%) consensus

Many programs claim to discover miRNA
targets in mammals:

® miRanda

m DIANA-MicroT

u TargetScan b Motif MEME UTRs with
size expectation consensus (%) consensus
m PicTar
They all use:
(i) the presence of the miRNA homology region in the 3' UTR of target
gene;

(ii) the precise annealing of seed sequence;
(iii) filogenetic conservation of the target regions in the 3’'UTR.

- Some, but not all methods consider the role of homology with 3’
region of miR and the role of mMRNA secondary structure that might
hide target sequence

More than 100 targets per miRNA are predicted.
How reliable is the prediction ? Experimental validation required




|
+-- Metazoa

How many microRNAs
T —— are presently known ?

Xenopus tropicalis (Gl 1] (184)

+—- Gallus gallus wasHUC?] (149)

+-— Mammalia
1
+-- Hominidae

o o mMiRNA registry
+-- Gorilla gerilla (s6)
+-- Homo sapiens [NCBI3s] (678)
+-- Pan paniscus (9)

+-- Pan troglodytes (PanTro2.1] (100)
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If we assume about 100 mRNA targets
recognized by each miRNA, about

Symphalangus syndactylus (11

- Lemuidee 70.000 targets are expected
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i e Under a simple Poisson distribution,

== CTCouNS griseus (1) we should expect about 90% of the

|
+--—  Mus musculus [NCBIM3T] (472)

e known 25.000 human genes regulated
+-- Rattus norveqicus [RGSC3.4] (287) by the 678 miRNAs
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Consistency of Tissue specific expression
of human miRNAs

38 Tissues raw data (Default Interpretation)_Hum miRs_mM

Expressed miRNA:mRNA of each tissue may combine in ways that may
generate different biological outcomes







mictroRINNAs are widely
involved in human cancer




miRNA signatures in human cancer

Breast Colon Pancreas ProstateStomach
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A miRNA expression signature

of human breast cancer

miRNA name Median expression ANOVA? SVM PAM score® Chromos map
Probability prediction
strength®
Cancer  Normal Cancer

miR-009-1 1.36 1.01 , 8.05 0.011 . 1922
miR-010b 1.1 1.7 , 8.7 -0.032 . 2931
miR-021 1.67 1.08 , 10.2 0.025 . 17923.2
miR-034 1.67 1.09 , 8.05 0.011 . 1p36.22
miR-102 (miR-29b) 1.36 1.14 . 8.92 0.000 . 1932.2-32.3
miR-123 (miR-126) 0.92 1.13 , 9.13 -0.015 . 9934
miR-125a 1.2 1.73 , 8.99 -0.04 . 19913.4
miR-125b-1 1.3 2.87 , 14.78 -0.096 . 119241
miR-125b-2 1.26 2.63 , 17.62 -0.106 . 21911.2
miR-140-as 0.93 1.1 , 11.01 -0.005 . 16922.1
miR-145 1.52 3.61 , 12.93 -0.158 . 5q32-33
miR-155(BIC) 1.75 1.37 , 10.92 0.003 . 21921
miR-194 0.96 1.09 . 11.12 -0.025 . 1941
miR-204 0.78 0.89 , 8.1 -0.015 . 9921.1
miR-213 3.72 247 , 9.44 0.023 . 1931.3-g32.1
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A predictive miRNA signature for CLL
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Eight microRNAs compose the signature
that predicts lung cancer status.

MicroRNA Lung Cancer

Cross-validated Probabilities (Threshold=4) Expression

hsa-mir-021

hsa-mir-210

g hsa-mir-205
E hsa-mir-030d Down
% hsa-mir-123 Down

hsa-mir-191
B0 a0 100 R Douis

Sample hsa-mir-155

Ten fold cross-validation was performed to assess misclassification
error. Most divergent miRNAs in the two classes are listed on the top.




Tipodi Espressione rispetto
neoplasia  al tessuto normale

let-7a Mammella Sotto espresso

let-7a Polmone Sotto espresso

: R l-\ 1 zs_ 1 let-7e Colon Sotto esptesso

ml C O mm O n Y mir-009-3 Colon Sotto espresso
mir-010b  Mammella Sotto esptesso

. mir-017 Colon Sovra espresso

d eregulate d ln hum an mir-020 Colon Sovra espresso
mir-021  Mammella Sovra esptesso

mir-021 Colon Sovra espresso

mir-021 Polmone Sovra espresso

n e O p 18.« S I I l S mir-023a Colon Sovra espresso

mir-023b Colon Sovra espresso

Colon Sovra esptesso

B-CLL Sovra espresso

mir-030a  Polmone Sotto espresso

ir-030b  Polmone Sotto esptesso

mir-030d  Polmone Sotto espresso

0 mir-103 Colon Sovra esptresso

Up-rGQUIated mIRS may aCt as OnCOgeneS mir-106 Colon Sovra esgresso
mir-107 Colon Sovra espresso

mir-123 Polmone Sotto espresso

Down-regu]ated MmiRs may act as tumor mir-1252  Mammella  Sotto espresso
mir-125b-1 Mammella Sotto espresso

S u p p reS SO rS mir-125b-2 Mammella Sotto espresso
mir-128a Colon Sotto espresso

mir-138-2 Colon Sotto espresso

mir-145  Mammella Sotto esptesso

mir-145 Colon Sotto espresso

mir-145 Polmone Sotto espresso

H OW ? mir-150 B-CLL Sovra espresso

mir-155 Linfomi Sovra espresso
mir-155  Mammella Sovra espresso
mir-155 Polmone Sovra esptesso
mir-185 B-CLL Sotto espresso
mir-191 Colon Sovra espresso
mir-210 B-CLL Sotto espresso
mir-210 Polmone Sovra espresso
mir-212 Colon Sotto esptesso

mir-213 B-CLL Sotto espresso

Mammella Sovra espresso
2 eSPresso
223 Colon Sovra espresso




Some microRNASs can act
4S ONCOZENES




miR-221 is up-regulated in human hepatocellular
carcinoma and in several other human cancetrs
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In addition to hepatocellular
carcinomas, miR-221 is also up-
regulated in breast, colon,
pancreas, stomach, thyroid,
bladder carcinomas and in
glioblastomas




The CDK inhibitors p27 and p57
are both controlled by miR-221

Hep3B + Luciferase assay using miR-221 or anti-miR-221
miR-221 -
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3UTR
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target region (top) and miRNA (bottom) match
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The CDK inhibitors

p27 and p57 are
controlled by miR-221
in primary HCCs




Cell cycle 1s controlled by CDKs and
their inhibitors

The up-

requlation of
miR-221

may block two
important cell
cycle inhibitors

and promote
cell cycle
rogression




Oncogenic action of miR-221

Cells/well

= |

Cells/well

24h 48h

Time after transfection

The up-regulation of miR-221 blocks two
important cell cycle inhibitors and promote
cell cycle progression




Some microRNASs can act
as tumor Suppressors




Deletion 13914 is the most common
chromosomal aberration associated with
human CLL

TaBLE 1. INCIDENCE OF CHEOMOSOMAL =l - J7paeletion
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mir-15 and mir-16 are within the minimal region
of 13q deletion in human CLL
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Kidney
Prostate
Liver
Pancreas
Sk muscle
Testicle

Expression of

mir-15 and mir-16 miR16
In normal tissues

and human CLLs
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miR-15a/16-1 suppress
tumorigenicity

Mice MEG-01 Tumor volume

MEG-01 is a —qMEG-Olwt ——MEG-01 empty MEG-01 +15/16
megakaryocytic leukemic *
cell line that lacks
miR15/16 because of
homozygous deletions

MEGO1 MEGO1 MEGO1
MOCK pRS-E pR15/16

Tumor weight (grams)

PRS-E pRS15/16




Effect of miR-15a / miR-16-1
restoration in MEG-01
human leukemic cells

Actin (44 kDa)

Bel2 (32 kDa)

Expression of miR-15/16 promotes APAF1 (130 kDa)
apoptosis in the megakaryocytic cell
line MEG-01 P

PARP (116 kDa)

Cleaved PARP (85 kDa)

Apoptotic DNA ladder

MEG-01 pSR- MEG-0O1 pSR- MEG-01 pSR-
neo-GFP  15/16-WT 15/16-MUT P value

TUNEL-
positive
nuclei/total 1514,76 47,5+1,4 21 +1,8 P<0.05%
number cells P= NS?




BCIL .2 is target of mir-15/16

BCLZ mRNA

Actin

These results suggest that loss of miR-15a/miR-16-1 in human CLL may lead
to the activation of the anti-apoptotic oncogene BCL2 in human CLL




Luciferase assay confirms that BCL2 3>UTR
is targeted by miR-15a and miR-16-1

miR-15a/16-1

r
| I——
Luciferasi —

BCL2 3’UTR

rirlba/mir-16-1 rmirlba/mir-16-1

Sense and anti-sense WT and mutant (5nt del)
miR-15/16 BCL2 3’UTR




Stress pathway

Functional and Physical Interactions
of Bcl-2 Family Proteins Aibiration

BH3 Bcl- 2 Bax
only Bcl-)( Bak o Zalbugad
Coammitmsent
BH3 only j==y )
sdonion ]\ \\ / I:l.:-l-.__:'_'f't ¢}
EII :l[l:l Y
miR-15/16 BH3 omy LT
agonist Execution l J-
The loss of miR-15a/miR-16-1 in human CLL may -m | |
lead to the activation of the anti-apoptotic
oncogene BCL2, l

Apoptosis

This mechanism may be responsible for the accumulation of a clonal cell
population more resistant to cell death stimuli




Nature Medicine, published online 19 October 2008

The miR-15a—miR-16-1 cluster controls prostate cancer
by targeting multiple oncogenic activities

’ e - = - = F - F . . = P 9 ’ )
Désirée Bonci!, Valeria Coppola!, Maria Musumeci!, Antonio Addario!, Raffaclla Giuffrida%, Lorenzo Memeo?,
Alfredo Pagliuca!, Mauro Biffoni', Catherine Labbaye!, Monica Bartucci', Giovanni Muto®,

4 & Ruggero De Marial??

« Delivery of antagomirs specific for miR-15a and miR-16 to normal mouse prostate
results in marked hyperplasia, and knockdown of miR-15a and miR-16 promotes
survival, proliferation and invasiveness of untransformed prostate cells, which
become tumorigenic in immunodeficient NOD-SCID mice.

» restoration of miR-15a and miR-16 expression in prostate cancer cells resulted in
dramatic tumor reqgression.

 cyclin D1 and Wnt3a were shown to be targets of miR-15a and miR-16-1.

« A single miRNA cluster miR-15 / miR-16 can modulate at least
two biological functions relevant in cancer: apoptosis and cell

cycle







e ] ™\ ONCOGENIC
Deletions miRNA TARGETS

Mutations DOWN-REGULATION
RAS
DNA Let-7 HMGA2

N methylation D miR-15/16 BCL2
miR-125 I CDKA4/6

CCND1
CCNE
miR-34a/b/c ErBB2/3 | ¥ Differentiation
BCL6 ¥ Apoptosis
N Proliferation
N Angiogenesis

027/p57 M Invasion

MiR-155 021 N Metastasis
miR-221/222 HOXD10

miR-10b PTEN
™ miR-17-92 E2F
Amplifications miR-25-93 PUMA
Activated miR-483-3p DIABLO
Transcription o BIM
miRNA
MYC, TWIST) TARGETS
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Early cellular
transforming events

Promoting Cell cycle

Independence from
external control through

miR-17/92 - E2F, BCL2L11/BIM

miR-15a/16-1 > CCND1
miR-17/92 - CDKN1A/p21
miR-221/222 - CDKN1B/p27
miR-221/222 - CDKN1C/p57

miR-125a/b - ERBB2, ERBB3
miR-199a* > MET

Advanced cancer
features
modulated by
interaction with
surrounding

Promoting Angiogenesis

Promoting
Invasion
EMT

miR-17/92 > CTGF
miR-17/92 - TSP1

miR-21 - PDCD4
miR-199a* > MET
miR-10b > HOXD10
miR-373 > CD44
miR-520c - CD44







microRINA expression
as prognostic marker




High expression of miR-221 is associated with
a shorter time to recurrence in HCC

miR-221 L

+-

Log-rank test | Log-rank test
p=0.0009 ] p=0.2 (n.s.)

miR-221 H

s +Bme

Cum Survival
Cum Survival

T T ' )00 )00 3000
1000 2000 3000 4000 oot 200

Time to recurrence (days) Time to recurrence (days)




miR-155 and Let-7a expression associated with
lung adenocarcinoma patients’ survival

hsa-mir-155 low expression

hsa-mir-155 high expression

hsa-let7a-2 high expression

@
2
H
=
2
-
5
w

hsa-let7a-2 low expression

60
Months

Yanaihara et al., Cancer Cell, 2006




miR-210 expression inversely correlated with
overall and disease-free survival in breast
cancer patients

miRNA < median

miRNA < median

~_ miRNA > median
i s e TN

g
miRNA > median

2
4
5
w
-
>
O

Disease-free survival

Log Rank Chi-Square=16.6, p<0.001 Log Rank Chi-Square=10.1, p=0.002

1 1T 1T 17 "1 1 rF 1 1T 17 1T 1T 1T 1
3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10

Follow-up (years) Follow-up (years)

Camps et al., Clin Cancer Res, 2008




microRNA prognostic signature in CLL.:
Time to initial treatment signature

@ n
94 CLL Patients

(41 treated)
Time to Initial Treatment Data

Supervised PAM
“Survival” Analysis:

0 Time to Initial Treatment
| | |
Short Long Long interval
44 months 88 months

Short interval
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MicroRNA Level of Expression of MicroRNA
Shortinterval  Long interval
miR-181a High Low
miR-155 High Low
miR-146 High 100

miR-24-2 High Months

miR-23b High

miR-23a High
miR-222 High
miR-221 High

miR-29¢ Low

N Eng J Med 353:1793, 2005




A 20-miRNA signature associate
with metastasis and survival in HC

Metastasis-  Genomic  Parametric 5
N RNA Location PValu 1 Host targs

CV Probabdlities

KIAADDEZ
G3BP2; GCLC; HAN

mir-19%a
ir-148a Sample

Overall Survival B Overall Survival
pendent Cas (Early Stage Cases)
15 . *
ASPH; S5LC20A2; SPTBNZ;
IMTFA

1 0 1
400 600 800 10 0 200 400 600 800 100
Days after action

Budhu et al., Hepatology, 2008




miRNAs as cancer diagnostic tools

m Clearly these results established the potential
usefulness of microRNA expression in cancer
stratification and risk assessment

Prospectic studies are still required to validate
their use in clinics

However, it remains surprising that such a small
number of genes (little more than 500) could be
used to gain a level of information that is only
achievable by the use of genome-wide
microarray investigations




microRINAs as targets
of molecular therapy ?




Silencing of miR-122 in non-human
primates by LNA-antimiR

---PBS
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from EImén et al. Nature 452, 896-899(17 April 2008)




Anti-cancer anti-miR therapy ?

m these results established the basis (safety and efficacy)
for the use of anti-miR in clinical trials

Antagomir-77-5p Abolishes the Growth of Therapy-
Resistant Neuroblastoma through p21 and BIM

Laura Fontana'*, Micol E. Fiori'®, Sonia Albini*®, Loredana Cifaldi?, Serena Giovinazzi', Matteo Forloni?,

Renata Boldrini®, Alberto Donfrancesco®, Valentina Federici’, Patrizio Giacomini®, Cesare Peschle'”’”,
Doriana Fruci?

Additional anti-miRs may potentially be used in anti-
cancer therapy: the several “oncogenic” miRs (miR-21,

miR-221, miR-10b, miR-373 and others) could become
targets of anti-miRs therapy







Germ-line mutations in miRNA genes

Table 3. Genetic Variations in the Genomic Sequences of MicroRNAs in Patients with CLL.*

MicroRNA LocationT

MicroRNA-
Microchip
Expression

Patients
with
CLL

Control
Subjects

no. /total no.

Comment

miR-16-1  Germ-line pri-microRNA
(C>T)+7-bp in the 3'

direction

15 percent and
40 percent of

2/75  0/160

normal levels,

respectively

Normal allele deleted in CLL cells in both
patients (by FISH and LOH); history
of breast cancer in 1 patient; mother
died with CLL; sister died with breast
cancer

miR-27b  Germ-line pri-microRNA
(G—A)+50-bp in the
3" direction

Pri-microRNA
(G—>A)+212 in the 3'
direction

miR-29b-2

Pri-microRNAs insertion
(+A)+107 in the 3'
direction

Pri-microRNA (T-=C)+73
in the 3" direction

miR-29b-2

miR-187

miR-23b
Chromosome 19/+

Chromosome 13/-

Normal

75 percent
of normal

80 percent
of hormal

Not available

miR-27b

L:—:I—I:I—

Throat and lung cancer diagnosed in
mother at 58 yr; lung cancer diag-
nosed in father at 57 yr

Breast cancer diagnosed in sister at 88 yr
(still living); “some type of blood
cancer” diagnosed in brother at 70 yr

Family history of unspecified cancer in
2 patients

Unknown
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Genetic changes can affect miRNA stability or maturation

miR 15-a miR 16-1
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Abnormal microRNA-16 Locus with Synteny to Human 13q14 Linked
to CLL in NZB Mice*!

Elizabeth S. Raveche!, Erica Salerno!, Brian J. Scaglione’, Vijaya }-'Ia.noharf__ Fatima Abbasi"j.,
/i-Chu Lin®, ‘Torgny Fwdm kmn Pablo Land; . Sumant Rmn-:'lnndﬂ * . Konrad Huppij.,
Jorge R. Toro . Vincent E. 7 Pll'i“t'T R: bert A Metmlt and Gerald E. Marti®

'UMDNI/NIMS, Pathology and Lab Med, Newark, NT (Tec-rcetmm Univ Med Cir, Dept of
Physiology and Biophysics, Washington, DC C BERFDA Bethesda., MDD, Lab of
Imnmnop’tthc-locx NIAID/NTIH, Bethes . MD. ‘Gene Silencing  Sec, ATS/NCI/NIH
Gaithersburg, MD, *Genetic Epidemiology Branch, DCEG/NCIPS Rockville, N "Lab of RNA
Mol Biol, Howard Hughes Med Inst, The Rockefeller Univ, New York, NY, Prt'ﬁt'ﬂt Address:
Sumant R: nnuhandr't_ MD, PuD VP, Global Dev elopmeur_ 'Schering- P]oug_h Res Inst,
Kemlworth, NJ

* NZB strain naturally develop CLL-like disease during aging;




NZB mouse strain presents a point mutation near the
end of miR-15/16 pre-miRNA at 1 nucleotide
difference from the mutation found in human CLL

13:49521110
miR-16-1

Homo sapiens |TAGCAGCACGTAAATATTGECHTTAAGATTCTAAAATTATCTCCAGTATTAACTGTGCTGCTGAAGTAAGGTTGACCATACTCTAC

"

Mus musculus
DBA/2J
NZEBINJ

14:60585090

3' DNA adjacent to pre-mir 16-1

Chr 14: BOSR5984 l+5 fT'ILﬂF.:ITi[:]rl::l
Homo sapiens chr 13
Chr 13: 49521103 t (+7 mutation)




NZB mouse strain presents a point mutation near the 3° end of
miR-15/16 pre-miRNA and a reduced expression of miR-16-1

13:49521110

miR-16-1 %
Homo S&pf-E‘ﬂ‘_ TAGCAGCACGTARATATTGGCHTTAAGATTCTAAAATTATCTCCAGTATTAARCTGTGCTGCTGAAGTAAGETTGACCHATACTCTAL.

Mus musculus Lkt Ll ELAL . . i . —
= |TacCAGC AAA T AT TGO TTAAGATTCTGAAATTACCTCCAGTATTGACTGTCGCTGCTGAAGTAAGCTTGEGEC

DBA/2J
NZB/BINJ

14:60585990
C57/BI-6 control NZB mouse

miR-16 standards (fmol)

miR-16

—_—

EtBr

fmol 192 23 42 87 50 27 16 47 18
normalized




Mir-15a/16-1 mutation is responsible for
CLL in the NZB mouse strain

B The mutation found in the NZB strain is not found in
any other mouse strain, including the nearest neighbor

INVAYY

Exogenous miR-16 delivered to NZB malignant B-1
cells resulted in cell cycle alterations and increased
APOPLOsis

® The authors conclude that the altered expression of
miR-15a/16-1 cluster caused by the point mutation is
responsible for CLL in the NZB mouse strain




Could germline mutations in miRNAs be

involved in cancer predisposition ?

microRNA Variation | Cancer Functional consequences | Reference
association
miR-15a/16-1 Germ-line Sporadic and familial Decreased expression of mature Calin GA, et al.: A MicroRNA signature associated with
cluster (C-to-T) + 7 CLL miRNA and failure to decrease prognosis and progtression in chronic lymphocytic leukemia. N
nt BCIL2 protein levels Engl | Med 2005, 353:1793-1801.
miR-152/16-1 NZB strain B-lymphoproliferative | Decreased levels of miR-16 Raveche ES, et al.: Abnormal mictoRNA-16 locus with
cluster specific (A- disease in mice expression in lymhoproliferative synteny to human 13q14 linked to CLL in NZB mice. Blood
to-T) + 6 nt tissues 2007, 109:5079-5086.
miR-1962 CtoT Non-small cell lung Decreased mature miRNA Hu Z, et al.: Genetic variants of miRNA sequences and non-
cancer small cell lung cancer survival. J Clin Invest 2008.
miR-146 GtoC Thyroid cancer Decreased mature miRNA Jazdzewski K, et al: Common SNP in pre-miR-146a decreases
mature miR expression and predisposes to papillary thyroid
carcinoma. Proc Natl Acad Sci U S A 2008, 105:7269-7274.
Let-7e G to A Various cancers Dectreased mature miRNA Wu M, et al: Genetic vatiations of mictoRNAs in human
cancer and their effects on the expression of miRNAs.
Carcinogenesis 2008, 29:1710-1716.
miR-17 CtoT Familial breast cancer Increased mature miRNA Shen, J., et al. (2009) Novel genetic variants in mictcoRNA

genes and familial breast cancer. Int | Cancer, 124:1178-1182.




Moreover, could germline “polymorphisms”
in 3’UTRs affect miRNA interactions and,

therefore, gene expression ?

Gene Variation | miRNA target | Type of cancer Reference

ITGB4 G/A miR-34a Breast cancer Brendle, A., et al (2008) Polymorphisms in predicted mictoRNA-binding
sites in integrin genes and breast cancer: ITGB4 as prognostic marker.
Carcinogenesis, 29:1394-1399.

CD86 G/C miR-337, -582, - Colorectal cancer Landi, D., et al (2008) Polymorphisms within micro-RNA-binding sites and
200a*, -184, -212 risk of sporadic colorectal cancer. Carcinogenesis, 29:579-84
KRAS T/G Let-7 Non-small cell lung cancer | Chin, L.]., et al (2008) A SNP in a let-7 microRNA complementary site in

the KRAS 3' untranslated region increases non-small cell lung cancer risk.
Cancer Res, 68:8535-8540.

KIT G/A miR-221/222 Thyroid cancer He, H., Jet al (2005) The role of miccoRNA genes in papillary thyroid
carcinoma. Proc Natl Acad Sci U S A, 102:19075-19080.
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