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Background: Identification of targetable regions in folded RNAs remains a challenge.
Results:Anovel RIPtidemicroarray comprising all 2�-O-methylated RNAs 4–8 nucleotides in length has been used to discover
biologically active antagonists of human telomerase.
Conclusion: RIPtide microarrays can identify nucleic acid-based ligands that bind folded RNA structures.
Significance: RIPtide technology provides the first completely sequence-unbiased screen for targetable sites on folded RNA
targets.

Most cellular RNAs engage in intrastrand base-pairing that
gives rise to complex three-dimensional folds. This self-pairing
presents an impediment toward binding of the RNA by nucleic
acid-based ligands. An important step in the discovery of RNA-
targeting ligands is therefore to identify those regions in a folded
RNA that are accessible toward the nucleic acid-based ligand.
Because the folding of RNA targets can involve interactions
between nonadjacent regions and employ both Watson-Crick
and non-Watson-Crick base-pairing, screening of candidate
binder ensembles is typically necessary. Microarray-based
screening approaches have shown great promise in this regard
and have suggested that achieving complete sequence coverage
would be a valuable attribute of a next generation system. Here,
we report a custom microarray displaying a library of RNA-in-
teracting polynucleotides comprising all possible 2�-OMe RNA
sequences from 4- to 8-nucleotides in length. We demonstrate
the utility of this array in identifying RNA-interacting poly-
nucleotides that bind tightly and specifically to the highly con-

served, functionally essential template/pseudoknot domain of
human telomerase RNA and that inhibit telomerase function in
vitro.

Although nearly all therapeutic agents developed to date tar-
get proteins, it is now widely recognized that only a minority of
proteins are capable of being targeted by the two established
classes of therapeutic agents, small molecules and biologicals
(1). The realization that themajority of proteins are considered
intractable toward targeting by established agents has fueled
efforts to develop the therapeutic potential of alternative
classes of cellular targets, with RNA being the object of most
intensive investigation (2, 3). Although examples are known of
small molecules that target RNA potently and specifically
(3–5), most efforts have taken advantage of the fact that nucleic
acids target each other efficiently and selectively through
nucleobase-pairing interactions (2). This mode of intermolec-
ular engagement requires that the target sequence beminimally
tied up in competing intramolecular base-pairing interactions.
Identifying such accessible elements in an RNA target presents
a challenge, as the folding landscape of RNA shows remarkable
complexity, with a wide variety of noncanonical pairing motifs
augmenting canonical Watson-Crick base-pairing (6). Neither
the structural nature of these folds nor the energetic cost of
gaining access to particular sites is readily predictable. Thus,
the discovery of targetable sites is best accomplished through
experimental analysis of ensembles of candidate nucleic acid
binders.
An important advance in RNA targeting has been the devel-

opment of nucleic acid microarrays that have enabled multiple
candidate ligand sequences to be evaluated in parallel for bind-
ing to a particular target sequence. The pioneering work of
Southern and co-workers (7–12) in this area employed
microarrays of unmodified oligonucleotides, but synthetically
modified nucleic acid analogs (13, 14) have also been employed.
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Of particular note in the latter regard is the work of Turner and
colleagues (15–18), who employed microarrays of 2�-OMe
ribonucleotides and locked nucleic acids to perform an inde-
pendent experimental assessment of the predicted secondary
structure for several biologically relevant RNAs. Efforts along
these lines to date have involved sparse sampling of ligand
sequence space, with at most 320 candidate sequences exam-
ined per study, these having been designed on the basis ofWat-
son-Crick complementarity to prospective docking sequences
on the RNA target of interest. Microarrays representing all
possible ligand sequences would serve the valuable function of
providing a more unbiased and comprehensive approach, but
these have not been available to date. With the relatively long
sequences (�15 nt6) of unmodified DNA oligonucleotides typ-
ically required to form a stableWatson-Crick pairingwith RNA
targets, the total number of candidate sequences (4n, where n
equals the number of nucleobases in the oligonucleotide)
greatly exceeds the capacity of even the highest density
microarrays presently available. The use of nucleoside analogs
can boost target affinity, thereby reducing the length of the
candidate ligands and hence overall library size, but the use of
such analogs requires the development of dedicated methods
for fabrication for high densitymicroarrays.Here, we report the
development ofmicroarrays that comprehensively represent all
sequences of 2�-OMe RNA-interacting polynucleotides (2�-
OMe RIPtides) having the four natural nucleobases (A, C, G,
andU), and ranging in length from 4- to 8-mers. This screening
platform includes a total of 87,296 individual oligonucleotide
analog probes, vastly exceeding the few hundreds of nucleic
acid binders employed in previously reported microarray stud-
ies (13–18).
To illustrate the utility of the 2�-OMe RIPtidemicroarrays in

the unbiased identification of targetable sequences, we chose to
target human telomerase, a specialized ribonucleoprotein
(RNP) composed of two minimally essential components, a
reverse transcriptase protein subunit (hTERT) and an RNA
component (hTR) (19, 20), as well as several associated pro-
teins. Telomerase directs the synthesis of telomeric repeats at
chromosome ends by using a short sequence within hTR as a
template for DNA polymerization via reverse transcription.
Telomerase has been found to be up-regulated in �90% of
human tumors, an adaptation believed to arise in order to evade
cell cycle arrest through replication-dependent telomere short-
ening (21, 22). Inhibition of telomerase has thus emerged as an
attractive therapeutic intervention for use in the treatment of
cancer. Indeed, considerable progress has been made toward
developing oligonucleotides that inhibit telomerase by compet-
itively binding the template sequence on hTR used by the
enzyme to encode the telomere during extension (23–26). Our
goal in this study was to identify additional targetable sites in
hTR that might provide structurally and mechanistically dis-
tinct alternatives to the template sequence.We chose to screen
a structured element of hTR comprising both the template and

a pseudoknot element that, like the template, is essential for
telomerase function (27, 28). Consistent with this essentiality,
and with its high degree of structural conservation across ver-
tebrates (29), mutations in this domain give rise to several
telomerase deficiency diseases in humans (30, 31). Several
three-dimensional structures of engineered minimal pseudo-
knot RNAs have been reported (32–34), but the overall struc-
ture remains unelucidated. Here, we report the identification of
2�-OMe RIPtides that inhibit telomerase function in biochem-
ical assays and in cultured cells and that may provide starting
points for the development of next generation telomerase tar-
geting agents.

EXPERIMENTAL PROCEDURES

Detailed experimental procedures can be found in supple-
mental material.
Microarray Manufacture—For the fabrication of 2�-OMe

oligonucleotide-based high density microarrays, a photoresist
technique based in I-line (365 nm) projection lithography was
utilized (35). This method (supplemental Fig. S1) differs from
that used in themanufacture of Affymetrix GeneChipmicroar-
rays, which employs 2�-deoxynucleoside phosphoramidites
bearing a photodeprotectable 5�-protecting group. 5�-DMT-
2�-OMe phosphoramidites were used as monomers for the on-
chip synthesis of the RIPtide microarrays, with a photogene-
rated acid being used to remove the 5�-DMT group during
chain extension. The silica substrate for the arrays was first
silanized and then reacted with a hexaethyleneglycol derivative
(used as a spacer between the oligonucleotides and the array
surface) before the initial nucleic acid coupling step. Then a
film containing the photoacid generator was coated onto the
substrate, aligned, and exposed in the stepper to the first mask,
giving rise to the photogenerated acid for the first detritylation.
The film was then removed, and the substrate was processed in
a cell flow in which the first DMT-protected phosphoramidite
monomer was added. Subsequent steps of capping, oxidation,
and washes were carried out, and the process was repeated
using the next mask and the next oligonucleotide in the
sequence (supplemental Fig. S1). After the synthesis was com-
pleted, substrateswere treatedwith a solution of organic base to
remove protecting groups from the RIPtides. Wafers were
rinsed, spin-dried under nitrogen, and diced into individual
chips. The final density of full-length RIPtide on these
microarrays was �30–50 pmol/cm2, with a feature size of
17.5 �m. The chips also included a checkerboard for grid
alignment consisting of the 13-mer 2�-OMe sequence
5�-ACGGTAGCATCTT-3�, which allows hybridization with
the commercial Affymetrix Oligo B2 (5�-biotin-GTC-
AAGATGCTACCGTTCAG-3�).
RNAPreparation—5�-EndCy3-labeled PKWT and PKWT-1

were purchased from Dharmacon. RNAs fragments of �50 nt
were obtained by in vitro transcription from a dsDNA template
generated by PCR from a pRc/CMV vector containing hTR
(Collins laboratory) in the presence of aminoallyl-UTP, as
described in the supplemental material. Transcription was per-
formed at 37 °C using T7-RNA polymerase, 4 mM NTPs, 1
unit/ml yeast inorganic pyrophosphatase, RNase inhibitor, and
10� transcription buffer. After DNase I treatment (15–30min,

6 The abbreviations used are: nt, nucleotide; RIPtide, RNA-interacting polynu-
cleotide; hTR, human telomerase RNA; RNP, ribonucleoprotein; DMT, 5�-di-
methoxytrityl; FAM, 6-carboxyfluorescein; FP, fluorescence polarization;
TRAP, telomeric repeat amplification protocol.
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37 °C) and purification by denaturing PAGE, the target RNA
was labeled with Cy3-NHS ester (Amersham Biosciences, 0.1 M

Na2CO3, pH 8.5, 50% DMSO/H2O, 1 h). Excess dye was
removed by ethanol precipitation, and the RNA was then puri-
fied and desalted.
Microarray Hybridization—A specific probe (Oligo B2,

Affymetrix) was first hybridized to the checkerboard to provide
a grid alignment guide. Briefly, 250 pM oligonucleotide B2 was
hybridized to the RIPtide chip for 16 h at 45 °C and then stained
using streptavidin/phycoerythrin. Cy3-labeled RNAs were
refolded by heating at 95 °C for 3min followedby slowly cooling
to room temperature in 1� array buffer (50mMpotassiumPBS,
150 mM KCl, and 5 mM Mg(OAc)2, pH 7.4). Denaturing poly-
acrylamide gels (6%) were run as control experiments to check
for RNA integrity under the buffer conditions employed for
refolding and after 1 h of incubation at 37 °C (supplemental Fig.
S2). In addition, RNA samples were also tested after refolding
by native gel electrophoresis (6%) to confirm the presence of a
major RNA folded population (supplemental Fig. S2). 100 nM
folded RNAs were incubated with the RIPtide chips at 37 °C for
1 h. The arrays were washed and scanned using the Affymetrix
GeneChip 3000 7G scanner, and microarray images were ana-
lyzed using GeneChip Operating Software (Affymetrix Inc.).
Data Analysis and RIPtide Clustering—After raw fluores-

cence values were averaged, a list of the top 100 hits was
extracted (supplemental material) and aligned against the tar-
get RNA sequence using Perl scripts developed in-house. The
RIPtide sequences were aligned against the target RNA
sequence (�60% sequence identity) to identify putative binding
sites. The oligonucleotide sequences were aligned at every pos-
sible register of the RNA sequence, and the similarity (S) was
calculated at each register, based on complementarity between
the oligonucleotide and RNA sequences (Equation 1),

S �
n

N
(Eq. 1)

where n is the number of complementary bases, and N is the
length of the RIPtide. This is essentially the Jaccard similarity
coefficient, except when the oligonucleotide hangs off the RNA
sequence. The RIPtide was allowed to hang off the RNA
sequence on the ends, and in these cases, the number of match-
ing bases was divided by the length of the oligonucleotide (not
the number of bases that overlap, in contrast to the Jaccard
similarity coefficient) to generate a similarity score. Only
canonicalWatson-Crick base pairingwas considered, and com-
monly occurringwobble pairs, such as theG�Uwobble pair (36),
were not taken into account. Alignment was achieved at the
position withmaximum similarity between the oligonucleotide
and RNA sequence, and the center of where the oligonucleo-
tides sequencemapped to the RNA sequence was recorded. For
example, if the RIPtide oligonucleotide mapped to RNA bases
11–15, 13 was the center. In the cases of RIPtides with an even
number of bases, the resulting value for the center was rounded
up. The number of oligonucleotides centered on each RNA
base was calculated and plotted, as shown in Fig. 3. From these
plots, groups of RIPtides emerged, as denoted by peaks span-
ning �2–3 adjacent RNA bases. These groups of oligonucleo-

tides were manually clustered based on where major peaks
started and stopped. Although this clustering step could have
been automated based on the number of RIPtides targeting
adjacent bases (i.e. in a similar manner to which peaks are iden-
tified on a chromatogram plot), it was unnecessary to automate
this process because only a handful of clusters was apparent
upon visual inspection of where the highest affinity RIPtides
(according to microarray experiments) mapped onto the RNA
sequence.
Fluorescence Polarization (FP) Assays—FAM-labeled RIP-

tides were synthesized on a 3�-(6-fluorescein) CPG support
(Glen Research) using a MerMade 12 (BioAutomation) DNA
synthesizer, purified with Poly Pak-II (Glen Research) car-
tridges, and compositionally verified by MALDI-TOF MS.
Unlabeled full-length hTR was prepared by in vitro transcrip-
tion. After DNase I treatment and ethanol precipitation, hTR
was purified using the RNeasy Midi kit (Qiagen). Unlabeled
PKWT and PKWT-1 were purchased from Dharmacon. FAM-
labeled RIPtides (5 nM) were incubatedwith increasing concen-
trations of folded RNA at 37 °C for 2 h, after which FP was
recorded at 25 °C using a SpectraMax M5 (Molecular Devices)
plate reader. For mapping of hTR-RIPtide-binding sites, full-
length hTR transcripts incorporating two consecutive base
mutations (to their complementary bases) were generated
through site-directed mutagenesis on the pRc/CMV plasmid,
using a QuickChange-XL mutagenesis kit (Stratagene), and
confirmed by sequencing.
Activity Assays—Telomerase-positive cells were either pur-

chased from ATCC (DU145 and HEK293) or provided in
the Chemicon TRAP kit (HeLa). Cell extracts were prepared
from cell pellets by detergent lysis with 1� CHAPS buffer
(Chemicon). Purified RIPtides were incubated with the extract
for 1 h at 37 °C prior to the TRAP assays. Extension of the
fluorescent artificial substrate (37) by telomerase was carried
out for 30 min at 30 °C, followed by amplification with 30 PCR
cycles (34 °C 30 s, 59 °C 30 s, and 72 °C 1 min). The extension
products were separated on 10% native polyacrylamide gels,
and bands were visualized by fluorescence imaging and quanti-
fied using ImageQuantTM (GE Healthcare). Several controls
were included in the design of the experiments as follows: a
positive control (untreated cell lysate), negative controls (buffer
only, heat-inactivated, or RNase-treated cell extracts), and PCR
amplification control (60 �M of RIPtide added after telomerase
elongation and before PCR step). For cell-based TRAP assays,
DU145 cells were transfected with 0.2% LipofectamineTM 2000
(Invitrogen) and 165 nM RIPtide for a period of 24 h. Cells were
harvested, counted, lysedwith 1�CHAPS lysis buffer, and nor-
malized by total protein concentration (Bradford assay).

RESULTS

Our goal at the outset was to develop a microarray platform
that would enable a structurally unbiased screen to identify
RIPtides that bindwith high affinity to a folded RNA target (Fig.
1) and ultimately to use theRIPtides thus identified tomodulate
the activity of the target RNA in cells. As cell permeability of
oligonucleotides decreases as a function of length (38, 39), and
with the knowledge that backbone modification can confer on
short nucleic acid sequences the ability to bind tightly and spe-
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cifically to RNA targets (40, 41), we focused our attention on
identifying RIPtides having eight nucleotides or less. In addi-
tion, we incorporated 2�-OMe substituents on all of the RIP-
tides displayed on the microarray (Fig. 1, A and B), a modifica-
tion known to increase oligonucleotide affinity for RNA targets
(42, 43) as well as stability toward nucleolytic degradation; this
modification has previously been used by Turner and co-work-
ers (13–18) to increase the resolution of RNA structure-map-
ping by microarray screening.
Although 2�-O-methylation was expected to provide sub-

stantial performance benefits, it also complicated the fabrica-
tion of the microarrays, because a direct application of the
established Affymetrix platform for photochemically directed
high density microarray synthesis (44) would have required the
preparation of 5�-photocaged 2�-OMe phosphoramidites. To
avoid this laborious operation, we used a recently developed
microarray fabrication technology that employs photochemical
generation of an acid to deprotect DMT groups (35). This
method (supplemental Fig. S1) is particularly well suited to our
purpose, because it requires only standard, commercially avail-
able 2�-OMe RNA phosphoramidites and can in principle be

used with any 5�-DMT-protected nucleic acid analog. It
allowed us to generate microarrays displaying on each chip all
possible 8-, 7-, 6-, 5-, and 4-mer 2�-OMe RIPtides having the
standard nucleobases A, C, G, and U, a total of 87,296 RIPtides
(Fig. 1C).
Our strategy was to screen the microarray using folded hTR

constructs incorporating a fluorescent label, such that the
fluorescence intensity of the scanned microarray would read
out positive RIPtide “hits” (Fig. 1, D and E). To investigate the
extent to which the size of the RNA target influences its ability
to access theRIPtides on themicroarray,we constructed a trun-
cation series representing progressively smaller versions of the
template/pseudoknot domain, with the smallest being two
48-nt engineered minimal pseudoknots, PKWT and PKWT-1.
Cy3-labeled full-length hTR (nt 1–451), PK (nt 1–211), PK175
(nt 26–200), PK159 (nt 33–191), and PK123 (nt 63–185) (Fig.
2B) were generated by in vitro transcription, whereas the pre-
viously reported PKWT construct (32) and PKWT-1 were pro-
duced by solid-phase synthesis. PKWT encompasses the hTR
sequence between nucleotide positions 93 and 121 and 166 and
184, with an engineered connection between nucleotides 121

FIGURE 1. Overview of the RIPtide microarray technology. A, schematic representation of a RIPtide microarray. A PEG linker is used as spacer between the
RIPtides and the microarray surface. B, chemical structure of the 2�-OMe RIPtides. C, RIPtide array format, containing a total 87,296 RIPtide sequences,
color-coded according to the number of RIPtides per N-mer family. D, RIPtide screening protocol. E, sample image of an RNA target (PKWT-1) bound to a RIPtide
microarray. Hit color scale is displayed as rainbow scale: red represents the highest fluorescent intensity and blue the lowest. The array fabrication process is
summarized in supplemental Fig. 1.

2�-OMe RIPtide Microarrays and Telomerase Inhibition

18846 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 22 • MAY 25, 2012

http://www.jbc.org/cgi/content/full/M111.316596/DC1
http://www.jbc.org/cgi/content/full/M111.316596/DC1


and 166 (Fig. 2A). PKWT-1 is a variant of PKWT, inwhichmost
of the mutations have been restored back to the wild-type
sequence.
To encourage folded structure, all hTR constructs were

refolded by heating and slowly cooling to ambient temperature
in a buffer containing 5 mM magnesium. Under these condi-
tions, all RNA constructs except PKWT showed amajor folded
population, as evidenced by native gel PAGE experiments (sup-
plemental Fig. S2). Labeled RNAswere incubated with the RIP-
tide microarrays for varying lengths of time (1, 2, 6, 12, and
18 h), at different temperatures (25 and 37 °C), and at concen-
trations ranging from 1 to 100 nM. In an initial screen, full-
length hTR and the PK construct failed to show quantifiable
binding to the microarray; and the slightly shorter PK175 con-
struct gave irreproducible results. However, PK159 and all
shorter versions (Fig. 2B) yielded reproducible microarray pos-
itives. We observed a similar size cutoff in studies of the hepa-
titis C virus internal ribosome entry site (HCV-IRES).7 We
therefore conclude that the 2�-OMe microarrays reliably pro-
vide results with RNA targets shorter than �160 nt in length
but may not yield useful results with RNA targets longer than
this.
After optimization of the screening protocol using the

PKWT, PKWT-1, PK123, and PK159 constructs, the RIPtide
microarrays were incubated with 100 nM RNA target for 1 h at
37 °C, thenwashed, and scanned. Themost intense RIPtide hits
were identified by ranking them according to their average raw

fluorescence intensity from at least two independent experi-
ments (supplemental material). If, as one might expect, there
exist preferred binding sites for the RIPtides on the target RNA,
then the hits would be expected to fall into clusters having
related sequences and target binding sites. We thus wrote Perl
scripts (supplemental material) to assess several different
potentialmodes of clustering the top 100RIPtide hits. Attempts
to cluster the RIPtide hits based solely on their sequence com-
plementarity to one another was found not to produce unam-
biguously meaningful clusters, because it was difficult with
such short sequences to assign a correspondence score to
frame-shifted sequences and to sequences having several posi-
tions of nonidentity.We therefore clustered the hits using their
partial sequence complementarity to the RNA target as a guide.
In doing so, we found that RIPtides having nonidentical but
overlapping sites of partial complementarity with the target
could readily be clustered. Following alignment of the RIPtide
hits with the target sequence, we constructed a plot of the sites
of partial complementarity on the target against the number of
hits for each site (Fig. 3). Only those oligonucleotides having
�60% sequence identity to the target RNA were clustered.
In microarray screens using PKWT and PKWT-1 (Fig. 3A),

all 100 top RIPtide hits could be clustered, and the majority of
these belonged to a pair of clusters complementary to two
regions of the RNA, either the 5� terminus of the pseudoknot
(part of the P2b stem), designated cluster I, or the J2b/3 loop
and an adjacent segment of the P3 stem, designated cluster II.
Interestingly, although PKWT differs from PKWT-1 at only
three nucleotides, the two RNA targets show a substantial dif-7 W. L. Santos and G. L. Verdine, unpublished results.

FIGURE 2. Schematic diagram with the sequences and the predicted secondary structures of the hTR constructs used in this study. A, engineered hTR
pseudoknot constructs (PKWT and PKWT-1, top) and sequence of the template/pseudoknot domain (bottom) of hTR. Bases in blue font are non-native
sequence. Capital letters correspond to residues �80% conserved in vertebrates. B, secondary structure model of hTR, adapted from Ref. 29, including a
schematic representation of the different RNA constructs screened with the RIPtide platform.
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ference in the relative proportion of hits in cluster I and cluster
II, indicating that the microarray can be exquisitely sensitive to
such subtle changes of sequence and conformation in the target
RNA.
When larger hTR constructs were subjected to the RIPtide

screen (Fig. 3C), additional regions on the target apparently
amenable to binding were identified. For PK123, cluster I hits
were considerably diminished, although cluster II remained
well represented, but the most prominent cluster of hits now
observed was that complementary to the bulge J2a/J2b (nt
82–89), designated cluster III. Several smaller clusters at the
5�-end of the J2a/3 single-stranded region (nt �142–170,
including cluster IV, nt 142–156) were also observed. Finally,

for construct PK159, representing the complete template/pseu-
doknot domain of hTR, a cluster profile similar to that for
PK123 was generated, with one major exception as follows: the
most prominent cluster observed with PK159 represented RIP-
tides complementary to the template region (cluster V, nt
47–57), which was absent in all the other constructs.
To assess the ability of theRIPtide hits to bind the target RNA

in solution, we selected a panel of RIPtides representing varia-
tions on the consensus sequences of top hits for each cluster,
and we synthesized them with a FAM label attached to the
3�-end, the same end by which they had been attached to the
microarray surface. FP was then used to measure Kd values of
the FAM-labeled RIPtides. We first selected a representative
sample of the top RIPtide hits from the PKWT-1 screen. As
seen in Fig. 3B, all but one of these RIPtides bound PKWT-1
with a Kd �100 nM, and we observed a rough correlation
between rank order in the microarray screen and affinity for
PKWT-1, with RIPtides of lower rank generally having lower
affinity for PKWT-1.
It is possible that RIPtide-binding sites present or available in

truncated forms of hTR may not be present or available in full-
length hTR. We thus selected five RIPtides that had been vali-
dated for binding PKWT-1 in solution, and we measured their
binding affinity to full-length hTR using FP. As seen in Fig. 4A,
none of the cluster I hits showed any measurable affinity for
hTR, whereas the cluster II hits showed at least as high an affin-
ity for hTR as for PKWT-1. We hypothesize that the cluster I
hits became inactive because the end of the pseudoknot to
which they bind in PKWT-1 is highly engineered and thus
markedly divergent from hTR, whereas the J2b/3 loop to which
the cluster II hits bind is retained in full-length hTR. Were the
J2b/3 loop involved in tertiary interactions in hTR, RIPtide

FIGURE 3. Summary of RIPtide microarray results. A, cluster profiles of
PKWT and PKWT-1 (100 nM, 1 h). Number of hits (out of 100) are represented (y
axis) versus nt position from the 5�-end of the screened RNA construct (x axis,
expressed relative to hTR sequence). B, rank of top 10 RIPtide hits and Kd
values determined in triplicate with unlabeled PKWT-1. n.d., not determined.
C, cluster profiles of PK123 and PK159 using standard conditions. D, summary
of screening results for the hTR/pseudoknot domain, showing the consensus
RIPtide sequences for the identified clusters (with X representing variable
length), and the hTR nt that aligns with the middle (4th) position of the RIP-
tide. Data represent average � S.D. of three independent samples.

FIGURE 4. 2�-OMe RIPtide mapping of the pseudoknot domain of hTR.
A, dissociation constants (nM) for selected RIPtides and unlabeled full-length
hTR. Clusters are color-coded. B, targetable regions in the template/pseudo-
knot domain of hTR are colored and indicated on the secondary structure of
the hTR core. Bases in italics (near an asterisk) indicate the mutation sites for
FP studies. Capital letters are residues �80% conserved in vertebrates. Data
represent average � S.D. of triplicates.
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bindingmight have been lost, andwe therefore surmise that the
loop remains relatively unengaged in such interactions when
present in naked hTR.
We then went straight to validation of the remainder of the

RIPtide hits from PK123 and PK159 microarray screens using
full-length hTR. We selected representative RIPtide examples
from each of the clusters (Fig. 3D), quantified their binding
affinity by FP (Fig. 4A), and identified RIPtides from clusters
III–V that bind full-length hTR. Taken together, the collection
of hTR-validated RIPtidesmaps out a series of sites on the tem-
plate/pseudoknot especially conducive to targeting by a
2�-OMe polyribonucleotide (Fig. 4B, color-coded). Specifically,
these hyper-targetable regions are the J2b/3 loop and P3 stem
(cluster II), the J2a/2b bulge through part of the P2a stem (clus-
ter III), the J2a/3 loop (cluster IV), and the template region
(cluster V).
To this point, we had inferred the RIPtide-binding sites on

hTR assuming Watson-Crick complementarity between the
RIPtide and target. To verify this experimentally, we introduced
tandem point mutations into the central portion of the FP-
positive RIPtides, along with compensatory sequence changes
into hTR.The binding behavior of the “wild-type” and “mutant”
RIPtides to wild-type and compensatory mutant hTR targets
was analyzed by FP (Fig. 5). Four different hTR transcripts were
generated in which two consecutive nucleotides at the central
position of each predicted target site (Fig. 5B) were mutated to
their Watson-Crick complementary bases (G3C, C3G, and

U3A). In each case, either by incubating the mutated hTR
with the wild-type RIPtide (Fig. 5B) or the mutated RIPtides
with wild-type hTR (Fig. 5C), binding was abolished or
severely reduced. When compensatory mutations were
introduced into both the RIPtide and hTR (Fig. 5D), binding
was partially or fully restored in most cases, confirming and
supporting the notion that the RIPtides indeed bind hTR at
the predicted sites.
Having discovered a panel of RIPtides that bind four different

regions on naked hTR, we investigated whether these mole-
cules could inhibit the activity of the telomerase RNP complex
in vitro. We used the Cy5-TRAP assay (37), a variation of the
TRAP (22), to determine IC50 values for several RIPtides using
HeLa cell extracts. We first tested a library containing 8-, 7-,
and 6-mers, fully complementary to the target hTR sequence,
withKd values for hTR�300 nM.We additionally tested several
phosphorothioate variations of this initial library (supplemen-
tal Table 1). In the first round of experiments, we observed
significant inhibition only by 8-mer RIPtides complementary to
the template (supplemental Table 1, entries 50 and 55). In addi-
tion, we found that several phosphorothioated RIPtides from
clusters II–IV inhibited telomerase with IC50 values in the
micromolar range.
To enhance the potency of certainRIPtides that showed inhi-

bition, we increased their length by 2–3 nt at either end, main-
tainingWatson-Crick pairing with hTR. Although this strategy
did not improve the activity of cluster II or cluster III RIPtides,
a significant increase in potency was observed for clusters IV
and V RIPtides. Interestingly, we found that several sequence-
extended versions of cluster IV RIPtides showed nanomolar
IC50 values in TRAP assays (supplemental Table 1, entries
35–40). These observations are consistent with previous obser-
vations that longer DNA oligonucleotides targeting an overlap-
ping region in hTR exhibit inhibitory activity against telomer-
ase in vitro (45).
Next, we performed some limited optimization of RIPtides

that target this site starting from a 14-mer covering hTR
sequence 143–156 nt, followed by serial truncations on either
end, until we identified a minimal sequence comprising 10
nucleotides (complementary to hTR 143–152 nt, supplemental
Table 1, entry 32), from which removal of additional bases
abolished telomerase inhibition in vitro. All RIPtide se-
quences that included this minimal sequence and possessing
a length of 10 nt or longer inhibited telomerase activity with
an IC50 �10 nM. Thus, through a combination of RIPtide
microarray screening and systematic extension guided by
TRAP assays, we were able to identify a novel minimal
sequence that produces efficient telomerase inhibition in
vitro. This sequence, 5�-GGUGGAAGGC-3� (IV-3), inhib-
ited telomerase activity in all cell lines tested (HeLa, DU145,
and HEK293), with IC50 values in the low nanomolar range
(Fig. 6A). Moreover, phosphorothioate substitution pro-
vided RIPtides that retained their ability to inhibit telomer-
ase very efficiently (Fig. 6A, RIPtides IV-4 and IV-5), with
IC50 values in good agreement with theKd values determined
by FP experiments (Fig. 6, A–C). In all cases, mismatch-
containing RIPtides were used as negative controls to rule
out nonsequence-specific effects (Fig. 6 legend) (46).

FIGURE 5. Compensatory mutation studies showing the FP binding
curves for hTR-RIPtide interactions. Assays were performed in triplicate, in
the presence of mutated full-length hTRs, mutated RIPtides, or both. 3�-FAM-
labeled RIPtides were mutated at the two central bases to their complemen-
tary bases. Similarly, four mutant hTRs were generated (mutation sites shown
in Fig. 4). Binding profiles are as follows: WT-hTR and RIPtides (A); mutant hTR
and wild-type RIPtides (B); WT-hTR and mutant RIPtides (C). D, mutant hTR
and mutant RIPtides. Polarization in B–D was renormalized relative to the
WT-hTR, RIPtide situation (A).
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Finally, we tested phosphodiester and phosphorothioate
RIPtides IV-3 and IV-5 for intracellular stability in cell-based
assays, using a method similar to one previously reported for
intracellular use of template-directed oligonucleotides (24).
DU145 prostate cancer cells were treated with 165 nM RIPtide
for 24 h and subsequently lysed, and their telomerase activity
was assessed by TRAP (Fig. 6D). As a positive control, a 13-mer
2�-OMe oligonucleotide with terminal phosphorothioate
linkages targeting the hTR template was used (23). Lipo-
fectamineTM was added to ensure delivery; it remains to be
established whether this is necessary for 10-mers, as rela-
tively short phosphorothioates targeting telomerase have
shown optimal cellular uptake (39). Although cells treated
with RIPtide IV-3 showed no significant inhibition, RIPtide
IV-5 did produce marked inhibition of telomerase, possibly
reflecting the greater stability of the latter. Importantly,
introduction of two point mutations into RIPtide IV-5,
known to abolish telomerase inhibition in extract-based
experiments, also abolished inhibition in these cell-based

experiments, supporting a mechanism of inhibition in these
cell-based assays that, as in pre-lysed extracts, is sequence-
specific. To our knowledge, no oligonucleotide targeting this
region has previously been shown to inhibit telomerase
activity in cultured cells, and we believe that these assays are
the first step in assessing RIPtide IV-5’s potential as a candi-
date for cancer cell proliferation studies.

DISCUSSION

Here, we have described a new microarray-based platform
for the sequence-unbiased discovery of short polynucleotides
that target folded RNA molecules. The key component of this
platform is an N-mer microarray presenting all possible
sequences of 2�-OMe RNA having between 4 and 8 nucleotides
in length (n � 4–8) and bearing the four canonical RNA bases
(A, C, G, and U). To our knowledge, this study describes the
first example of amicroarray bearing all possible sequences of a
nucleic acid analog oligomer. The microarrays reported here
possess greater than 87,000 individual RIPtides spatially
arrayed, a number several orders of magnitude larger than the
few hundreds of nucleic acid binders employed in previously
reported microarray studies. The virtue of such large RIPtide
arrays is that they enable sequence-unbiased, comprehensive
screening of all possible RIPtides up to a given size (8-mer in
this study), and as such are expected to provide a more detailed
and exhaustive probing of accessible sites in a target RNA.
Although the studies reported here were performed under con-
ditions that had been optimized for equilibriumbinding of RIP-
tides to their RNA targets, we have seen in preliminary studies
that the 2�-OMe RIPtide microarrays can also provide in-
formation on the kinetics of target interaction.8 The construc-
tion of these high density arrays of a nucleic acid analog was
made possible by a key advance in microarray synthesis tech-
nology, namely photoresist-based deprotection, which has the
attractive feature of being compatible with commercially avail-
able 5�-DMT-protected 3�-phosphoramidites. This same tech-
nology should be directly applicable to the fabrication of RIP-
tide microarrays bearing other varieties of potentially
interesting and useful nucleic acid analogs, such as locked
nucleic acids (47), 2�-methoxyethyl-substituted RNAs (48), and
glycidyl nucleic acids (49), to name just a few.
At least in principle, another advantage of a sequence-

unbiased microarray screen is that it could capture
sequences that bind via noncanonical modes of binding,
which are known to be an important element of the interac-
tion landscape for RNA. In the present screens, however, we
found no clear example of a high affinity noncanonical
binder. It is possible that a more exhaustive analysis of a
much greater number of hits would yield such noncanonical
binders. It is equally possible that noncanonical binding is
disfavored with the relatively short sequences employed
here, or that such binding modes require stabilizing interac-
tions provided by the 2�-OH group, and that the 2�-OMe is
less effective at engaging in these kinds of interactions.
Indeed, high resolution structures of structures of RNA have
revealed extensive involvement of the 2-OH group in a wide

8 L. Gude and G. L. Verdine, unpublished results.

FIGURE 6. Summary of telomerase inhibition experiments. A, cluster IV
RIPtides with anti-telomerase activity. PD, phosphodiester; PS, phosphoro-
thioate. Lowercase font indicates a phosphorothioate linkage. IC50 and Kd val-
ues are reported in nM. Mismatches in control RIPtides are underlined: GGUG-
CAAGGC, GGUGCCAGGC (mismatch IV-3), GCUGCAACGC, and ggugccaggc
(mismatch IV-5). PCR inhibition control, 60 �M RIPtide. n.d. � not determined.
B, dose-response inhibition by RIPtide IV-3. C, TRAP gel showing telomerase
inhibition by RIPtide IV-3 in HeLa extracts. Lane 1, 60 �M; lane 2, 6 �M; lane 3,
600 nM; lane 4, 60 nM; lane 5, 6 nM; lane 6, 600 pM; lane 7, 60 pM; lane 8, 6 pM; lane
9, 0.6 pM; lane 10, 0.06 pM; lane 11, positive control (untreated cell lysate); lane
12, negative control (buffer). D, bar graph showing inhibition by RIPtides IV-3
and IV-5 in DU145 cells, after treatment with 165 nM of RIPtide for 24 h. Lipo-
fectamineTM 2000 was used as transfecting agent. Telomerase activity was
normalized relative to a mock transfection (no RIPtide). TC is a 13-mer 2�-OMe
oligonucleotide complementary to the hTR template (positive control) (23).
Error bars in D are S.D. of triplicates, and experiments were performed at least
twice with similar results.
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variety of noncanonical association modes (50). In the
future, we aim to test this hypothesis by fabricating microar-
rays having a 2�-OH or a functional equivalent. It would also
be of great interest to expand the alphabet of nucleobases
represented in RIPtide arrays to include those with substan-
tial propensity to pair in Hoogsteen or other modes, such as
8-oxo- and 8-amino derivatives of guanine and adenine.
The RIPtide screening experiments reported here have iden-

tified four regions on the telomerase pseudoknot/template
region that are available for binding short 2�-OMe polynucle-
otides. Of these regions, the one that bound the largest number
of RIPtides (cluster V) is the template. This is not surprising, as
the template region iswell known to be targetable by exogenous
nucleic acid ligands, and this fact jives well with the biological
function of the template as a sequence available for pairingwith
its nucleic acid substrate, the telomere. Furthermore, that the
template engages microarray-bound RIPtides provides valida-
tion for the method as a screen for especially productive bind-
ing sites in a folded RNA target. The observation that so few
sites on the RNA turn out to be targetable by RIPtides and that
all the sites identified in the present screens are known from
structural probing and sequence covariation to have at least
partial single-stranded character (29, 51, 52) provide further
evidence that the RNA target adopts a folded structure related
to that depicted in folding diagrams. That said, certain regions
in the pseudoknot/template that might be predicted on the
basis of secondary structure alone to be accessible turn out not
to be productive for RIPtide binding, such as the J2a.1/2a bub-
ble, the 5�- and 3�-ends of the template, and the entire 3�-end of
the J2a/3 loop (Fig. 3C). High resolution structures of folded
RNAmolecules have revealed that regions suggested by folding
diagrams to be single-stranded are often in fact paired, fre-
quently via noncanonical interactions. We note that although
the regions targeted by RIPtides from clusters II–IV are par-
tially single-stranded, in each case the targeted region extends
into an adjacent segment believed to form a Watson-Crick
duplex, and in several instances the cluster preferentially
migrates into the adjacent duplex in preference to engaging an
adjacent segment of the same loop. This observation is consis-
tent with previously reported data on the strand invasion phe-
nomenon produced by short oligonucleotides binding to RNA
(7–9). In addition, the 2�-OMe RIPtide microarrays have
revealed a strong propensity of the oligonucleotides to invade at
the ends of duplex regions. Similar conclusions can be drawn
from previously reported data by Turner and co-workers (17,
18) using isoenergetic microarrays.
The approach followedhere, RIPtidemicroarray screening of

isolated RNA elements from a large ribonucleoprotein particle,
could stand improvement in certain important respects. One of
the most significant issues is that the microarrays lose their
binding capacity with RNAs greater than 160–175 nt in length,
which is most likely caused by size-sieving on the surface of the
microarray. We believe that this limitation can be overcome in
the future through the incorporation of a long hydrophilic
spacer such as poly(ethylene glycol) between the RIPtide and
the microarray surface. Fortunately, many folded, functional
RNA elements, including miRNAs and their precursors, are
below the present size limit of RIPtide microarrays; but with

larger RNAs such as hTR, a domain-based approach must be
employed, with all the attendant caveats. In the case of telom-
erase, there is the further complication that the active form of
the enzyme is a protein-RNA assembly and that targetable sites
on the RNA alone may not be accessible in the RNP enzyme.
This is not necessarily disadvantageous in the present case, as
blockade of telomerase assembly is a valid means of inhibiting
enzyme function (53, 54). Telomerase RNP assembly is a com-
plex, multistep process (55, 56), one that is not entirely under-
stood, and future studies will be required to determine whether
the inhibitors described here operate via inhibition of the
telomerase RNA, by interference with assembly, or by some
other mechanism. Notwithstanding the aforementioned limi-
tations, via the domain-based RIPtide screening strategy fol-
lowed by efficacy optimization, we succeeded in identifying a
novel 10-mer that inhibits human telomerase activity in vitro
and in cultured cells. Studies to further test the biological and
pharmacologic properties of this molecule as a telomerase
antagonist are ongoing.
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