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MicroRNAs Align With Accessible Sites in Target mRNAs
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ABSTRACT

The importance of microRNAs (miRs) in control of gene expression is now clearly recognized. While individual microRNAs are thought to
target hundreds of disparate mRNAs via imperfect base pairing, little is known about the characteristics of miR target sites. Here we show that
the miRs can be aligned with empirically identified accessible sites in a target RNA (Cytokeratin 19, KRT), and that some of the aligned miRs
functionally down-regulate KRT expression post-transcriptionally. We employed an RNase-H-based random library selection protocol to
identify accessible sites in KRT RNA. We then aligned the Sanger Institute database collection of human miRs to KRT mRNA, and also aligned
them using the web-based Microlnspector program. Most miRs aligned with the accessible sites identified empirically; those not
aligned with the empirically identified sites also functioned effectively in RNase-H-based assays. Similar results were obtained with a
second target RNA (Mammoglobin). Transient transfection assays established that some of the miRs which aligned with KRT
significantly down-regulated it at the protein level, with no effect on RNA level. The functionally effective miRs aligned within the coding
region of KRT, whereas a number of miRs which aligned with the 3’-untranslated region did not produce down-regulation. J. Cell. Biochem.

109: 509-518, 2010. © 2009 Wiley-Liss, Inc.
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l | nderstanding of mechanisms controlling gene expression

has been rapidly changing with the discovery of small non-
coding RNA molecules, termed microRNAs (miRs) [Bartel, 2004; Wu
and Belasco, 2008]. Several hundred miRs are already included in
the Wellcome Sanger Institute database, with many more being
added weekly. miRs are thought to target a significant portion of the
entire population of all mRNAs, and due to generally imperfect
sequence matches with target RNAs, each miR may actually target
100-200 different mRNAs [Bushati and Cohen, 2007; Nilsen,
2007], suggesting complex wide-ranging effects. miRs can even act
as oncogenes [Esquela-Kerscher and Slack, 2006] or as tumor
suppressors [Zhang et al., 2007], and the importance of miRs in
many (if not all) cancers is becoming clear [Calin et al., 2005; Iorio
et al., 2005; Lu et al., 2005; Kluiver et al., 2006; Volinia et al., 2006;
Ambs et al., 2008]. In spite of their rapid discovery and ongoing
experimental validation, why miRs are directed to particular sites in
target RNAs remains mysterious. Here we employ an RNase-H-based
random library selection protocol [Pan and Clawson, 2006] to
identify accessible sites in a selected target mRNA (Cytokeratin 19,
KRT). We then aligned the Sanger Institute database collection of

human miRs to KRT mRNA (using two methods) and identified a
considerable number of miRs which could be aligned. Most miRs
aligned with the accessible sites identified empirically; those not
aligned with the empirically identified sites also functioned
effectively in RNase-H-based assays. Analogous results were
observed with a second target RNA (mammoglobin, MGB). Some
of the miRs which aligned with KRT significantly down-regulated it
at the protein level, with no effect on RNA level. Functionally
effective miRs aligned within the coding region of KRT, whereas
a number of miRs which aligned with a prominent site in the
3’-untranslated region did not produce down-regulation.

TARGET RNA PREPARATION AND N17 LIBRARY SELECTION

Reverse transcription/PCR (RT-PCR) was used to generate the pre-
template construct (no promoter) of KRT (1,466 nucleotides (nt) in
length, gi: 40217850). This was performed using total RNA isolated
from MCF7 cells (human mammary adenocarcinoma, ATCC BHT-
22™) for KRT, using TRIzol Reagent (Gibco BRL). The RT-PCR
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products were generated using primer pairs of 5'-CGC CCC TGA CAC
CAT T-3’ and 5'-TTT CCC TTG GAC CATA-3’ for KRT as previously
described [Pan et al., 2003]. Products were cloned into PCR2.1-TOPO
vector (Invitrogen) and were sequenced in their entirety prior to use.
Double-stranded DNA templates for production of target RNA
transcripts were constructed by adding the T7 RNA polymerase
promoter along with the further PCR amplification by primer pairs:
For KRT5¢6_1067 (Nt 366-1067), the primers were 5'-CCG AAG CTT
AAT ACG ACT CAC TAT AGG GCA ACG AGA AGC TAA CCA T-3'
and 5'-TGC AGC TCA ATC TCA AGA C-3'. For KRTgg7_1466 (nt 967-
1466, a transcript which included the 3’-untranslated region of
KRT), the primers were 5'-CCG AAG CTT AAT ACG ACT CAC TAT
AGG GTT GAA CCG GGA GGT CGC TGG and 5'-TTT CCC TTG GAC
CATA. Constructs were again sequenced prior to use.

The target KRT566-1067 and KRTgg7_1466 RNA transcripts were
transcribed in vitro using the Riboprobe System (Promega) by T7
RNA polymerase, followed by an RNase-free DNase digestion to
destroy the template DNAs, and RNA transcripts were purified by
PAGE [Pan et al., 2004]. To produce 5-end (*?P)-labeled target
RNAs, an alkaline phosphatase (Calf Intestinal, New England
Biolabs) was employed to remove tri-phosphate group from 5'-end
of the transcripts, and the transcripts were then labeled using T4
polynucleotide kinase (New England Biolabs) with v-(**P)-ATP and
transcripts were again were purified by PAGE [Pan and Clawson,
2004].

For the N,;,-RNase-H selection procedure [Pan and Clawson,
2006]: (i) a trace amount (100K cpm) of 5'-end (**P)-labeled target
RNA in 2 pl of 20 mM Tris-HCl (pH 7.4) was chilled on ice for 3 min,
and 1 pl of 50 mM MgCl, was added, and the sample was heated for
3 min at 85°C; (ii) sample was incubated 3 min at 37°C, and then 1 pl
of 100 wM N, (5'-NNN NNN NNN NNN NNN NN-3’) random library
was added (or 20 mM Tris-HCl as a control) and incubated 10 min at
37°C; (iii) 1wl of 1U/pl RNase-H (Ambion) was added, and sample
was incubated 15 min at 37°C. Seven microliters of 2x RNA loading
buffer was then added. A/G and limited alkaline hydrolysis (H)
ladders were also prepared as described [Pan and Clawson, 2004],
and the samples were analyzed by PAGE using 6% urea sequencing
gels running 1.5, 4, and finally 7.5 h at 56 W. The gels were dried and
then exposed to autoradiographic film.

These same procedures were also used for the coding region of
human mammoglobin (MGB,_sq,, gi: 142378579), which was ampl-
ified from human breast tissue specimens. The primers used for the
initial amplification of the MGB_sq, region were 5'-GAC GCG GCT
TCC TTG-3'/5'-TGC CAT CAA TTIT ATT AAA ATA AAC AT-3.

mFold plots of the two KRT segments, and the MGB segment, are
included as Supplementary Online Material, with the library-
selected regions marked. In general, library-selected regions span
junctions between single-stranded loops and double-stranded
regions, although not all such regions in the target RNAs are
identified as accessible.

MacVECTOR™ miR-LIBRARY CONSTRUCTION AND TARGET

RNA ALIGNMENTS

The human mature miR sequences were downloaded from the
Sanger Institute website http://microrna.sanger.ac.uk [Griffiths-
Jones et al., 2007], and a MacVector™ miR-Library containing 730

miRs with an average size of 22 nt in length was constructed. Each
miR was then aligned individually with the KRT3¢6_1067 and KRTgg7_
1a66 Sequences. We then selected miRs with match scores of >44,
which was greater or equal to half of the maximum score (88) for a
22-nt sequence. The MacVector alignment results for KRT5g6_1067
and KRTgg7_146¢ S€quences are shown in Tables I and II, respectively.
The same procedures were used to construct a library and alignment
for human MGB,_so, sequences.

As an alternative method, we also used the web-based
MicroInspector tool [Rusinov et al.,, 2005] to identify potential
miR targeting sites within the KRT RNA sequences, as well as for miR
sites within the MGB,_s, sequence. The tool can be accessed at
http://bioinfo.uni-plovdiv.bg/microinspector.

Overlap was considered to exist if >5 nt from the MiR overlapped
the minimal (17 nt) accessible site defined empirically.

ANALYSIS AND COMPARISON

Antisense oligonucleotides (ASO) against the identified miR target
sites were synthesized, and ASO-RNase-H cleavage reactions were
performed in the same manner as the N17 library selections, but with
the specific ASO diluted from a concentration of 200nM as a
standard test (or 20 uM for a high concentration comparison).
After incubations, samples were separated by PAGE in a urea-
polyacrylamide gel, and the gels were then dried and radioactivity
was analyzed using a Phosphor-Imager as previously described.

For transient transfection assays, miRs were synthesized which
contained all 2'-O-methyl substitutions (from Integrated DNA
Technologies), which targeted various regions within KRTgg7_1466-
These included: (A) miR-125b-1 and miR-615-59, two miRs which
aligned with R1 in the coding region; (B) miR-138, which aligned
between R2 and R3; (C) miR-let-7b, which aligned with R6; and (D)
miR-205, miR-150, and miR-211, all of which aligned with R7
within the 3'-untranslated region of KRT. We also tested three miRs
which aligned with lower MacVector match scores (34-38) to KRT;
these included miR-let-7¢*, miR-let-7f, and miR-let-7g. Two
random miRs were also synthesized.

MCF7 cells were transfected with the designated miRs (10 .l of
20 mM miR + 3 pl oligofectamine/well on 6-well plates). Negative
controls included transfections without miR, and no transfection
procedure, as well as a random miR which did not align with KRT
(the random sequence AUCGAAUCCAAGUGCCUAGAUC was used
in some experiments). Forty-eight hours following transfections,
cells were harvested for RNA and protein isolations using Trizol
(Invitrogen) and Igepal lysis buffer reagents (respectively), accord-
ing to manufacturer's recommendations. Three independent
experiments were performed in triplicate.

RNA preparations were treated with Turbo DNA-free reagent
(Ambion), and 100 ng aliquots were used in QPCR reactions, which
were performed as described [Pan et al., 2003], using TagMan
methodology and a Stratagene 4000X. For KRTs,g_¢4s, the forward
primer was 5-GGGACAAGATTCTTGGTGCC, reverse primer was
5'-CGTCTCAAACTTGGTTCGGAA, and the fluorogenic probe
was 5'-FAM-CCATTGAGAACTCCAGGATTGTCCTGCA-BHQ1. Tata-
box-binding protein was used as the internal standard as described
[Pan et al., 2003], using a CAL-fluor Orange 560-labeled fluorogenic
probe. In follow-up studies, we also amplified KRT;,g,_;381 using the
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primer-probe set: forward primer: 5-CCTGCTCGAGGGACAGGAA,;
reverse primer: 5'-AGACACCCTCCAAAGGACAGC; and TagMan

probe:
BHQ-2.

Cy5 5'd-Quasar670-CTGCCTCCAAGGTCCTCTGAGGCA-

Further examinations of KRT RNA levels were also performed by
Northern blot analysis as previously described [Pan et al., 2004,
#3015] using 5 g of total RNA and KRT367_1066 and KRTog7_1466
probes labeled by random priming.

TABLE 1. KRTs661067-mRNA/miR-Library (MacVector™ 8.0) Search Results

miRNA
let-Ti

miR-18a

miR-19a*

miR-20h

miR-149%

milt-182

miR-200a*

mil-20¢

mil-210

miR-345

miR-361-5p

miR-370

miR-383

miR-431%

miB-44%a

miR-490-3p

miR-490-5p

miR-509-3p

miR-544

miRk-551

mik-556-3p

miR-572

miR-574-3p

nt
22

23

2

23

2

24

22

23

22

22

22

22

22

22

22

22

22

21

22

20

22

Max Score
88

92

88

92

B8

9

BE

B8

B8

B8

B8

B8

88

88

88

88

88

88

KRT Score
44

46

4

46

M

44

52

46

44

44

44

54

54

56

48

48

44

44

58

Location

528-515

432-414

580-561

432-414

509-490

579-562

600-581

599-580

536-517

432-417

T46-T32

443-422

618-598

T6B-T48

535-516

S8B-508

743-727

T91-771

393-379

649-631

482-466

A457-444

672-654

Alignment
KRT

let7i
KRT

mik=18a
KRT

miB-1%a*
KRT

miR-20b
ERT

miR-145*
ERT

miR-182
KRT

miR-200a*
HRT

miB-2002
ERT

mir-210
KRT

miR-345
KRT
miR-361-5p
KRT

miR-370
ERT

miR-383
ERT
miR-431*
KRET
miR=-44%a
ERT
Trl]'.R-"n'}:I-:".\p
KRT
miR=4%0=5p
KRT

miR-503=-3p
KRT

miR-544
KRT

miR-551b
KRT

miR-556-3p
HET

miR-572
KRT

<GTAGTRA G--TG-GCTG T

(10 0 I A I O A
GTAGTA GTTTGTGCTG T
<GCGCAC CTTGTCCAGG TAG

[ T O Y O M
GTGCAT CTASTGCAGA TRG
<AGTTCTCAAT GGTGGCAC

[ERA AERERR |
AGTTTTGCAT AGTTGCACTA
<GCGCAC CTTGTCCAGG TAG
[ R A R AN B R
GTGCTC ATAGTGCAGG TARG
<CGGGRGGGOC CAGGCCCCTE

(RN Il
AGGGRGGEAC GGGGGECTGTC
<GTTCTCRATG GTGGCR-CC

[ L
TTTGGECAATG GTAGARCTC
<GAT-CTGCAG GACRATCCTG G

I (RN B
CATCTTACCG GACAGTGCTG G
<AT-CTGCA GGACAATCOCT GGA
[REER R (R
ATACTGCC GGGTAATGAT GGA
<ATGGTCGTGT AGTAGTGGCT

Il (AR
CTGTGCGTGET GACAGCGGCT
<GC-G-CACCT TGTCCRGE
Il ERERR
GCTGACTCCT AGTCCAGS
<ATCTGCAT CTCCAGG

[REERE ARRRN!
ATCAGRAT CTCCRGG
<GCCTCCRAGGE CGOUGCACCTT GT
e AR
GUCTGCTGEG GTGGARCCTG GT
<AG-CCAGACG GGCATTGTCG AT
(RN [
AGATCAGRAG GTGATTGTGG CT
<CAGCTCTTCC TTCAGGCCTT C
[ e A B U IO
CRGGTCGTCT TGCAGGGCTT C
<TGGTCGTGTA GTAGTGGCTE
[ e (RN
TGGCAGTGTA TTGTTAGCTG
<ARTCCTGGAG TTCTCAATGE T

(RN [REEER
CARACCTGGRG GACTCCATGC T
<TGCATCT CCAGGTCGGT

FE TR v 1l
TGGATCT CCAGGTGGET
<TCA-TGGTTC TTCTTCAGGT AG
[ I Il
TGATTGGTAC GTCTGTGGET AG
<GTTCTGCATG GTTAG

(EARRERE NN
ATTCTGCATT TTTAG
<CCGTCTCARAR CTTG-GTTCG

Il AN
GOGACCCATA CTTGGTTTCA
<TRCCAG TCGCGGATCT T
[RERN I
TACCAT TAGCTCATCT T
<GCTCGC CGTTGGECC

AN (BERREN

GCTCGE CEETGGCC
<CRCGCTCATG CGCRGRGCC

(Continued)
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TABLE 1. (Continued)

miR-624% 2 B8 46 485-464
miR-628-3p 21 B4 44 532-513
miR-640 21 4 48 S05-485
miR-708 23 92 44 472-453
miR-§86-5p 23 92 44 T25-T03
miR-5836 22 88 44 526-507
miR-943 21 B4 48 450-436
miR-1225-3p 22 83 50 453-436

Immunoblot analyses were performed as described [Clawson
et al., 2008], using an anti-KRT (CK19) rabbit polyclonal antibody
(Novus Biologicals) at 1:10,000 dilution, with a goat anti-rabbit
secondary antibody. After staining, the blots were stripped using a
Western Blot Recycling kit (Alpha Diagnostic International), and re-
probed using a B-actin antibody (Cell Signaling) at 1:5,000 dilution.
Controls included no primary antibody.

We selected KRT as a representative target RNA for miRs.
We performed library selection on segments encompassing
the coding region (KRT3¢6-1067) and a segment also containing
the 3’-untranslated region (KRTog7_1465) Of KRT RNA, using a
random N17 library and an RNase-H digestion protocol [Pan and
Clawson, 2006]. The random library DNA (17 nt) hybridizes to
accessible sites on the RNA, promoting degradation of those sites by
RNase-H, and allowing identification of the sites on sequencing gels
(by comparison with limited hydrolysis ladders). The library
selection identified 12 accessible regions for the KRT;g6_1067 RNA
and 7 accessible regions in KRTgg7_1466 (See Fig. 1A).

Next, the collection of human mature miRs was downloaded from
the Wellcome Sanger Institute database [Griffiths-Jones et al., 2007]
and a MacVector™ miR-Library containing 730 human miRs with
an average size of 22 nt in length was constructed. The miRs in the
library were then matched individually against the KRTsg6_1067
transcript, and 32 complementary miRs could be aligned with
KRT566-1067 RNA with match scores of at least 44 (half of the
maximum score; see Table I). Using the MacVector library about
75% of the complementary miRs for KRT3g6_1067 RNA overlapped
with regions identified by the empirical library selection protocol
(Table I). None of these miRs has been identified as targeting KRT.
Intriguingly, three miRs aligned (with scores >44) with KRT36-1067
in the “sense” orientation. For example, miR-412 aligned with a

miR=-574-3p
ERT

miR-6Z4%
ERT

miR-628-3F GA GTEGCAGTCE
ERT 3 COCCCTGCTTIC T
miR-&64d0

KRT

miR-708

ERT

miR-B80-5p

KRBT

miR-936

ERT

miR-943

ERT

miR-1225-3p &«

match score of 52 (with a segment of it matching a stretch of 14 of 16
nucleotides in KRT566_1067)-

Using the web-based Microlnspector tool [Rusinov et al., 2005],
809% of all the miRs which aligned to KRT5¢¢_1067 OVerlapped (>5 nt)
accessible regions identified by library selection (Fig. 2A). One
region in KRTs66_1067, designated R9, had 17 miRs that overlapped
it.

ASOs (17mers, equivalent in size to the ASOs used in the random
library selection protocols) were synthesized corresponding to
regions 1-8 in the KRT5¢6-1067 library selection, and they were then
tested in the corresponding ASO-RNase-H cleavage reactions. For
KRT;66-1067, average cleavage was 38.3 £ 8.4% of target (not shown;
see below). With higher concentrations of ASO, we also observed
multiple cleavage sites for some of the regions (not shown). We also
arbitrarily chose three ASOs that were not located within accessible,
library-selected sites (clear regions on the sequencing gels). Use of
these ASOs resulted in very low cleavage rates in the RNase-H-based
assay (Fig. 1C, designated as N1-3; cleavage was 2.1 £ 0.6%).

For KRTgg7_1466, library selection identified seven accessible
regions (Fig. 1A). Using the MacVector approach, 33 miRs could be
aligned with KRTgg;_1466, and the percentage of miRs which aligned
with accessible regions was 76% (see Table II). When the ASOs
corresponding to regions 1-7 were synthesized and tested in RNase-
H-based cleavage assays, most (5 of 7) of them showed very good
activity in ASO-RNase-H reactions (Fig. 1B), and ASO targeted to
other regions within KRTgg7_;466 to which miRs aligned also showed
good activity (not shown). The library-selected region R7 which
showed the most overlapping aligned miRs (Fig. 2B) lies within the
3’-untranslated region (see also below). For this site, two of the
miRs which aligned with the KRTyg;_14¢¢ target were in the sense
orientation.

As noted, ASOs targeted to sites R1 and R7 of KRTge7_1466 Showed
only weak cleavage activity (Fig. 1B). Since we have not observed
poor activity of selected ASOs before with any of our other selection
protocols [Pan et al., 2001, 2003; Pan and Clawson, 2004; Pan and
Clawson, 2006], we re-performed the protocols and in addition also
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examined the RNase-H digestion sequencing gels in more detail. We
found RNase-H was actually initiating hydrolysis 5-9 nucleotides
upstream from the 3’-end of the ASO/target RNA match, rather than
at the 3’-end. All of the ASOs were therefore correspondingly shifted

by six nucleotides in the target RNA sequences and cleavage
was retested. For the shifted ASO targeting regions R1 and R7
(designated as A1 and A7), both showed major increases in activity;
A1 was 5x more active, and A7 was ~4x more active than the

TABLE II. KRTo67-1466-mMRNA/miR-Library (MacVector™ 8.0) Search Results

miRNA nt Max Score  KRT Score  Location
let-7i# 2 B8 LR 1260-1240
miR-7 23 92 46 1327-1307
miRk-15a* 22 88 43 1353-1336
miR-92a-1% 23 82 54 1283-1262
miR-93* 22 ] 46 1203-1184
miR-125b 22 a8 52 1464-1443
miR-148b 22 a8 44 1342-1326
miR-181d 23 92 44 1456-1434
miR-187% 22 88 44 1345-1326
miR-191 23 92 46 1364-1344
miR-191* 22 88 44 1159-1141
miR-19%4 22 88 46 1073-1055
miR-200b* 22 88 44 1110-1084
mik-220b 21 84 46 1123-1105
miR-324-3p 20 80 46 1356-1341
miR-328 22 B8 44 1410-1391
miR-346 23 92 44 1114-1095
miR-361-3p 23 92 46 1187-1168
miR-423-3p 23 92 48 1064-1044
miR-433 22 B8 48 1010-990
miR-486-3p 21 84 H 1440-1424
miR-30%-5p 21 84 48 1280-1263
miR-515-5p 24 96 48 1374-1360

Alignment

KRT <CTGCTCCAGT CGC-GRCTTE AT
FEEE [

let-Ti* CTGCGCARAGT TACTGCCTTG CT

KRT <TGG-AGGC-A GACRAATTGT TGT
8 [ AR

miR=7 TGGRAAGACTA GTGATTTTGT TGT

KRT <CCAGAG CCTGCTGCCT CA

[REE (AERRR RN
miR-15a% CCATAT TGTGCTGCCT CA
KRT <AGGECTGCGGT AGGTGGCRAT -CT
[RRER A REEEEREN
miR%2a-1* AGGTTGGEAT CGGTTGCAAT GCT

KRT <ACT-ATCAGC TCGCACATCS
(NN e e R R R

miR-93+* ACTGCTGEAGC TAGCACTTCC C

KRT <TCCCTTGGAC CATAARTTTT TA

(REEN R
miR-125D TCCCTGRAGAT CCTAACTTGT GA
KRT <TGCCTC AGAGGACCTT G

[RRER A [
miR-148D TGCATC ACAGRACTTT G

KRT <ACCATARATT TTTATTGGCA GGT
(AR | I I
miR-181d ARCATTCATT GTTGTCGGTG GGT
KRT <TGCTGECCTCA GAGGACCTTG
[ RERRN
miR-187* GGCTACARCA CAGGACCCGG
KRT <CRAGCAGRAGT CCCAGRGC-—- CIG
[ (AN I
miR-151 CRRCGGAATC CCRRARGCAG CTG
ERT <TCAGCGCCTG GATA-T-GCG C
e e kA
miR-151+ GCTGCGCTTG GATTTCGTCC C
KRT <TGTGACTGCA GCTCARTCT
FEE FE
miR-1%4 TGTRACAGCA ACTCCATGT
ERT <TCTTCCAR GGCAGCTTT

NN (REREENE
miR-200b*  TCTTACTG GGCAGCATT
KRT <GCGCCTCCGT TTCTGOCAG

(R RN
miR-220b CCACCACCGT GTCTGACAC
KRT <GCCCCAG AGCCTGCTG

[ERRRRY NERRE

miR-324-3p GCCCCAG GTGCTGCTG

KRT <GTCCCTTC CTTCCCATCC CT
NARR (AR AR
miR-328 GGCCCTCT CTGCCCTTCC GT
KRT <TTTCTGCCAS TGTGTCTTCC
[BAARY AR
miR-346 TGTCTGECCCG CATGCCTGCC
KRT <TOGCCCAGCT GGGUTTC-RE T
[AERRY (N B RN A
miR-361-3p TCCCCCAGGT GTGATTCTGR T
KRT <AGCTCARTCT CARGACCCTG A
(NARR | e
miR-423-3p AGCTCGGETCT GAGGCCCCTC A
ERT <CTCATCTGGA GCTGCTCCGT G
[l ot e
miR-433 ATCATGATGGE GCTCOTCGGT G
ERT <GGCAGGT CAGGAGARGA

1T T T I T A 9
miR-486-3p GGCAGCT CAGTACAGGA
KRT <CTGCGGTA GGTGGCAATC

I (RERERRRR
miR-509-5p CTGCAGRC AGTGGCARTC
ERT <CTCCARAG GACAGCA

(Continued)
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TABLE II. (Continued)

niR-545% 22 B8 48
miR-567 23 92 54
miR-637 24 96 46
miR-6:42 22 85 46
miR-645 19 T 50
miR-634-5p 22 88 50
miR-T66 22 B8 46
miR-873 21 84 44
miR-883-5p 22 828 44
mik-1227 20 80 44

original ASOs (Fig. 1B). The other five shifted ASOs showed activity,
which was comparable to that shown by their unshifted counterparts
(100 +£ 14%), thus suggesting that some sites have more stringent
constraints than others. This is of particular interest with A7, since it
suggests that the accessible site may actually encompass all 12 of the
miRs which aligned with region R7 in KRTge7_1466 using the
Microlnspector program (Fig. 2B; seven overlapped and five were
located immediately 3’ to the 17-nt site). Using the shifted
results, cleavage for the library-selected ASOs was 30.5+ 7.6%
(Fig. 1B), similar to the cleavage rate for library-selected sites in
KRT366-1067-

For comparison, we also performed a library selection on a
portion of human mammoglobin (MGB,_sy,) and repeated the
alignment procedures with the MacVector miR library and the
microlnspector program. Eight accessible regions were identified in
MGB, _sg, (Fig. 3). Testing of the corresponding ASOs in RNase-H-
based assays showed cleavage rates of 36.3 + 2.9% (Fig. 3C; shifted
versions produced similar results for all sites). Fifty-two comple-
mentary miRs could be aligned with MGB,_5o, RNA, with match
scores of >44 with the MacVector library, and 2/3 of them
overlapped with the accessible sites. With the Microlnspector tool,
36 miRs aligned with MGB_sq,, and ~86% of them overlapped (>5
nt) the library-selected accessible sites.

We also arbitrarily selected three miRs (Fig. 3) that aligned to
three different regions in the MGB,_so, transcript (miR-675, miR-
770-5p, and miR-593, which aligned with library-selected regions
R2, R3, and R6, respectively). Using 17mer ASOs representing the
regions of these miR sequences which showed the best homology to
the MGB target (designated as S1-3; see Fig. 3B,D for the sequence
and alignment of the S1 ASQ), we then tested them in ASO-RNase-H
cleavage reactions, in comparison with a 17mer ASO matching the

14551440

1106- 1088

10921074

1112-1087

1228-1215

1042-1025

1357-1345
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R6 region (Fig. 3E). As expected, the ASO targeting R6 showed good
activity, and all three ASOs from the miR aligned sequences
(designated as S1-3) also showed good cleavage activity
(Fig. 3E; cleavage was 26.8 + 6.6%, which did not differ from the
library-selected ASO cleavage), indicating that the sites were readily
accessible.

Further testing was next performed with the KRT constructs. We
made ASOs restricted to the 5’ 17-nt of the potential target sites (the
so-called “seed regions”) for three representative miRs (miR-205,
miR-150, and miR-211) which aligned with region 7 in KRTog7_1466-
All of these ASOs functioned with intermediate effectiveness in the
RNase-H-based assays (not shown), producing cleavage rates of
17.8+1.6% (P<0.001 vs. non-selected sites with 2.1 4 0.6%
cleavage).

Finally, for testing in cell culture, we synthesized a number of
miRs which contained 2'-0-methyl modified ribonucleotides. These
included: (A) two miRs which aligned with R1 in the coding region
of the KRTgg7_146¢ transcript (miR-125b-1 and miR-615-5p),
another miR which aligned between R2 and R3 (miR-138), and
an miR which aligned with R6 (miR-let-7b); and (B) three miRs
which aligned with R7 from within the untranslated region of
KRTg67_1466 (MiR-205, miR-150, and miR-211); and (C) three
additional miRs which aligned with KRTgg7_146¢ with lower
MacVector match scores (34-38; these were let-7¢*, let-7f, and
let-7g). These were used in transient transfection assays with MCF7
cells, with RNA and protein harvested after 48 h. QPCR analyses
showed that transfections with any of these miRs did not affect KRT
mRNA levels in the cells (Fig. 2C; random miRs were also without
effect). These results were further corroborated by QPCR analyses
with an additional KRT amplicon, as well as Northern blot analyses,
which also showed no change in KRT mRNA levels (Fig. 4).
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Fig. 1. N17 random library selection of accessible sites in KRT3g6-1067 and KRTog7-1466 transcripts. An N17-RNase-H library selection was performed and the results analyzed
on sequencing gels (panel A). Lanes show: 0= control (no RNase-H); X = experimental; A= limited hydrolysis with RNase-U2, which cleaves at A residues; G = limited
hydrolysis with RNase-T1, which cleaves at G residues; and H = limited base hydrolysis, which cleaves randomly at all residues. In the KRT366-1067 selection (left panel in A),
12 "regions” (R1-12) were identified. Regions are shown as encompassing 17 nt, but the accessible regions may extend in either direction. Regions 1-8 were identified on
sequencing gels run for 1.5 h (shown in A); four additional regions, R9-12, were identified on sequencing gels run for 7.5 h (not shown). ASO targeted to the R1-8 regions were
then synthesized and tested in specific ASO-RNase-H cleavage reactions. Another N17-RNase-H library selection was performed on KRTgg7_1466 (right panel of A), a transcript
which also contained the 3'-untranslated region, and seven regions were identified (R1-7). Specific ASO 17mers were synthesized which corresponded to these regions, and
tested under the same selection procedure (panel B). Surprisingly, only five of the seven ASOs produced good RNase-H cleavage activity (the ASO targeting R1 and R7 showed
very weak activities). When we re-performed and re-examined sequencing gels from the RNase-H-based selections, we found that RNase-H was actually initiating hydrolysis
5-9 nt from the 3’-end of the ASO regions. We re-synthesized ASO targeting regions R1 and R7 which were correspondingly shifted by six nucleotides (designated as A1 and
A7), as well as shifted version for the other regions. When RNase-H protocols were re-performed with the A1 and A7 ASOs, cleavage was substantially increased for both regions
(panel B), yielding results equivalent to those obtain for the other regions. Panel C shows RNAse-H-based cleavage results with three ASOs to regions which did not show any
activity in library selection protocols (N1-N3), as well as cleavage of three ASOs matching particular sequences to which three miRs aligned within region 7 (miR-205, miR-150,
and miR-211, designated as 7,-75). ASOs targeting the library-selected R6 region is shown for comparison.
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Fig. 2. Microlnspector alignment of miRs with KRT3g6_1067 and KRTgg7-1466 transcripts, and effects of miRs on cellular levels of KRT RNA and protein. Library selection was
performed on the KRT segments as described, and the Microlnspector tool was then used to align miRs from the database with the respective segments of KRT. Results for
KRT3g6-1067 are shown in panel A, and results for KRTgg7_1466 are shown in panel B. Library-selected regions are shown at the top of the panels; they are shown as 17 nt regions,
based on the library size, although they may actually extend in either direction (for KRTg6-1067: R1-R8, shown in blue, were identified on sequencing gels run for 1.5 h, and
R9-R12, shown in red, were identified on gels run for 7.5 h). Eighty percent of the miRs which aligned with KRT3g6_1067 Overlapped (>5 nt) empirically identified accessible
regions. The percentage of miRs which overlapped with accessible regions in KRTgs7_1466 Was 76%, including the shift of regions 1 and 7 (A1 and A7 were shifted by six
nucleotides) to compensate for RNase-H hydrolysis initiation. In particular, an astounding 17 aligned miRs overlapped with R9 in KRT3g6_1067. (panel A) and 7 aligned miRs
overlapped with R7 which lies within the 3'-untranslated region of KRTgs7_1466 (panel B; the position of the stop codon is shown in red), with an additional 6 miRs aligned
immediately 3’ to R7. MCF7 cells were transfected with the specified miRs, and cells were harvested 48 h later. Panel C: RNA was examined for KRT transcripts using QPCR, with
normalization to TBP (the amplicon was KRTs4g_g4g). Additional controls included miRs which did not align with KRT. Panel D: KRT protein expression was examined by
immunoblot analysis using an antibody against KRT. B-actin was used as a loading control. This shows results of a representative experiment. Panel E shows densitometric
analysis of KRT protein expression levels from three independent experiments, as means = standard errors. Asterisk (*) indicates significant differences at P< 0.01 or greater
from controls. For panels C-E: Lanes 1 and 2 show results with miRs which aligned with R1 (miR-125b-1 and miR-615-5p, respectively). Lane 3 shows results with an miR
which aligned between R2 and R3 (miR-138). Lane 4 shows results with an miR which aligned with R6 (miR-let-7b). Lanes 5-7 show results with three miRs which aligned with
R7 in the 3’-untranslated region (miR-205, miR-150, and miR-211, respectively). Lane 8 shows results with untreated MCF7 cells. Transfections without miR, or with a negative
control miR which did not align with KRT were also without effect (data not shown; Lanes 5-7 effectively serve as negative controls for the protocol). Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

Immunoblot analyses for KRT protein (Fig. 2D,E) surprisingly
showed that the three miRs which aligned with R7 within the 3'-UTR
of KRT had no effect on KRT expression (Fig. 2). However, the miRs
targeting R1 in the KRTgg7_146¢ transcript produced significant
reductions (~50%) in KRT protein expression (Fig. 2D,E). miR-138,
which aligned with the KRTq¢7_1466 transcript at a site lying between
R2 and R3, had profound effects on KRT protein levels, with
reductions of ~85% (ASOs to this region showed intermediate
cleavage activity, ~20%, in RNase-H-based assays). miR-let-7b,

which targeted R6 in the KRTge;_ 1466 transcript, also produced
substantial reductions (~70%) in KRT protein expression (Fig. 2). In
this regard, miR-let-7b has recently been predicted to have a very
high number (268!) of potential target genes [John et al., 2008]. We
also tested three miRs which aligned with KRTge7_1466, but
which did so with lower match scores (—3438; specifically miR-
let-7¢*, miR-let-7f, and miR-let-7g). These produced smaller (but
statistically significant) reductions in KRT protein (~40%; data not
shown).
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Fig. 3. Microlnspector-based alignment of miRs for the MGB;_so, transcript and analysis of RNase-H-based cleavage. Using the web-based Microlnspector tool, the miR
database was aligned to MGB,_so, and compared with the N17-RNase-H-based library selection protocol (panel A shows library selection results, which identified eight
accessible regions, designated as R1-8, indicated to the left). Lanes 0, X, A, G, and H were as described in the legend of Figure 1. Panel B shows alignment results using the
Microlnspector tool; library-selected regions R1-8 are shown in blue at the top. As is evident, most of the identified miRs (>>80% of 36 miRs) overlapped (>5 nt) the library-
selected accessible sites. Also of interest is the fact that no miRs overlap R4 and especially R5 regions, so not all accessible regions are necessarily targeted. ASOs targeting the
identified accessible sites all showed good activity in RNase-H-based assays (panel C). Three specific miRs (circled) targeting R2, R3, or R6 were selected based on their match
scores, and 17mer ASOs were synthesized which matched a portion of the region the miRs targeted (designated as S1-3; panel B). Panel D shows the sequence and target
alignment of ASO S1. The ASO corresponding to R6 identified by library selection was synthesized and tested using the RNase-H-based protocol, as were the S1-S3 ASOs (panel
E). Results showed that all of the S1-S3 ASOs, which aligned with accessible sites in the target RNA, produced RNase-H-based cleavage equivalent to the library-selected R6
region. Randomly choosing ASOs not in library-selected sites nearly always results in little or no activity (data not shown). Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

Finally, given the surprisingly large number (17) of miRs which
overlapped the R9 region in KRT;¢6_1067, We arbitrarily selected
three of these miRs for testing in transfection assays (miR-638,
miR-675, and miR-127-3p). Curiously, none of these miRs
had any effect on KRT mRNA (Fig. 4) or protein levels (KRT
protein levels were 1.0540.14% of control levels), averaged
over three independent experiments, with assays performed in
triplicate.

Our data indicate that miRs with good complementarities to target
RNAs overlap accessible sites in RNAs; about one-quarter of miRs
aligned to regions not identified empirically in library selections, but
these also were able to bind quite well to the RNA transcripts (based
on RNase-H-based assays; not observing significant cleavage in
random library selections could simply reflect a sensitivity issue).
While it is not firmly established that susceptibility to RNase-H-
mediated cleavage and/or binding of oligonucleotides indicates that
such sites are necessarily accessible in vivo [Branch, 1998], a variety
of studies support this contention [Milner et al., 1997; Southern
et al.,, 1997; Duan et al.,, 2006; Kierzek et al., 2006]. In many

examples, accessible sites identified in vitro have been found to also
be accessible in vivo [Milner et al., 1997; Southern et al., 1997; Pan
et al., 2001]. Nevertheless, failure of the miRs aligning within the 3'-
UTR of KRT, or within the R9 region, to inhibit translation could be
due to protein masking of the sites in vivo.

None of the miRs identified by a computer-based alignment
screen has previously been identified as targeting KRT. When
arbitrarily selected aligned miRs were tested in transient transfec-
tion assays, many of the miRs which targeted areas within the
coding region of KRT had profound/significant effects on KRT
protein expression, while having no effect on KRT mRNA levels (by
QPCR and Northern blot analyses). In contrast, three miRs which
aligned to R7 in the 3’-untranslated region of KRT mRNA had no
effect on KRT protein expression, even though ASOs targeting R7
functioned effectively in RNase-H-based assays. These results were
somewhat surprising, since it is generally thought that miRs
preferentially target sites in 3'-untranslated regions versus coding
regions in mammals [John et al., 2008], although miRs do
preferentially target coding regions in plants.
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Fig. 4. Effects of miR transfection on KRT RNA levels. Assessment with
multiple KRT amplicons and Northern blot analyses. Transfections were
performed as described and 48 h following transfection, RNA was purified.
Panel A: QPCR analyses were performed for a second amplicon in KRT, KRT; g+
1381- The results were analogous to those obtained with the KRT amplicon
KRTs48-648 (shown in Fig. 2). In addition to showing no change in KRT mRNA
level, the ratios of the KRT;2g1_1381/KRTs48_64¢ amplicons were constant at
unity in all samples ( Y-axis), suggesting that KRT mRNA was intact and that no
preferential degradation had occurred. Panel B: Northern blot analyses were
also performed (in triplicate), which also showed no change in mRNA levels
(vs. GAPDH as control). In additional transfection experiments, protein was
harvested and examined by immunoblot analyses as described. Three inde-
pendent experiments were performed, and analyses were run in triplicate. No
change in KRT protein levels was observed in the three experimental miR
transfections with miRs targeting region 9 in KRT (lanes 8-10), and the other
samples showed changes similar to those previously reported (shown in Fig. 2).
Lanes in panels A and B show: (1) miR-let-miR-7c"; (2) miR-let-7f; (3)
miR-let-7g; (4) miR-125b-17; (5) miR-615-5p; (6) miR-138; (7) miR-let-7b;
(8) miR-638; (9) miR-675; (10) miR-127-3p; and (11) transfection control. A
random miR was also without effect (not shown).

While it remains unclear how miR gene-regulatory networks have
evolved, the observation that miRs can generally be aligned with
accessible sites in target RNAs may indicate that their functional
activities are enhanced by this property, a property which may also
facilitate identification of miR targets.
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