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Recently identified small (20 to 40 bases) RNAs, such as microRNAs (miRNAs) and endogenous small interfering
RNAs (siRNAs) participate in important cellular pathways. In this report, we systematically characterized several
novel features of human and viral RNA products smaller than miRNAs. We found that Kaposi sarcoma-associated
herpesvirus K12-1 miRNA (23 bases) associates with a distinct, unusually small (17-base) RNA (usRNA) that can
effectively downregulate a K12-1 miRNA target, human R4D21, suggesting that stable degradation-like products
may also contribute to gene regulation. High-throughput sequencing reveals a diverse set of human miRNA-derived
usRNAs and other non-miRNA-derived usRNAs. Human miRNA-derived usRNAs preferentially match to 5’ ends
of miRNAs and are also more likely to associate with the siRNA effector protein Ago2 than with Agol. Many
non-miRNA-derived usRNAs associate with Ago proteins and also frequently contain C-rich 3'-specific motifs that
are overrepresented in comparison to Piwi-interacting RNAs and transcription start site-associated RNAs. We
postulate that approximately 30% of usRNAs could have evolved to participate in biological processes, including

gene silencing.

Recent studies have identified several classes of small RNAs,
such as microRNAs (miRNAs), across a wide range of organisms
(9). miRNAs can function as repressors (24) or activators (47) of
gene expression. More than 500 human miRNAs are known, and
many more are thought to exist (3). Advances in high-throughput
sequencing have enabled the discovery of additional animal miR-
NAs and classes of small RNAs on an unprecedented scale across
distantly related species, including animals, fungi, unicellular al-
gae, plants, and viruses (9). In addition to miRNAs, recently
identified metazoan small RNAs include endogenous small inter-
fering RNAs (siRNAs) that mediate mRNA degradation (6, 13,
33, 45), hairpin RNAs that are thought to repress target
transcripts in flies (32), Piwi-interacting RNAs (piRNAs)
that modulate spermatogenesis in mammals (14, 22),
piRNA-like repeat-associated siRNAs that regulate chromatin
structure of retrotransposons in insect germ lines (21), transcrip-
tion start site-associated RNAs (TSSa-RNAs), and the function-
ally uncharacterized piRNA-like 21U-RNAs harboring 5’ uri-
dines in worms (36).

The various small-RNA classes frequently share sequence
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characteristics and recruit similar protein partners. For exam-
ple, the 5" ends of miRNAs (41, 49) and piRNAs (14) prefer
uridines that likely bind to argonaute/Piwi proteins (44, 46).
The argonaute (Ago) proteins bind miRNAs and siRNAs,
while the Piwi proteins, a subgroup of the Ago family, bind
piRNAs (9). Ago/Piwi-bound small RNAs are part of a larger
ribonucleoprotein complex (RNP). The small RNAs in RNPs
act as adaptors that recognize complementary nucleic acid
targets and thus guide the RNPs to their target molecules (e.g.,
mRNAs) to direct processes, such as transcript cleavage
(miRNAs, siRNAs, and piRNAs) and translational repression
(miRNAs). Transcript cleavage by siRNAs and piRNAs also
generates numerous small secondary RNAs that are believed
to also regulate cellular processes (4, 33).

Small RNAs are generally distinguished based on their protein
partners, mode of biogenesis, and mechanisms of maturation. For
instance, while piRNAs exclusively associate with the Piwi pro-
teins and are thought to originate from single-stranded RNAs,
metazoan miRNAs interact with the Ago proteins and are pro-
cessed by Dicer from imperfect hairpin structures formed by their
RNA precursors. As a consequence of distinct mechanisms that
mediate small-RNA biogenesis, the sequence lengths are simple,
yet powerful distinguishing features of various metazoan small-
RNA classes, including 21U-RNAs (21 nucleotides [nt]), endog-
enous siRNAs (~22 nt), miRNAs (~22 nt), repeat-associated
siRNAs (~25 nt), and piRNAs (~28 nts).

RNA products shorter than 20 nucleotides are currently not
studied in detail due to the hypothesis that they are transient
degradation products and because of technical challenges in
their detection and analysis. Surprisingly, even degradation-
like RNA products can evolve biological function, as exempli-
fied by the weakly expressed small RNA (~25 nt) that origi-
nates from a small nucleolar RNA (snoRNA) (ACA45), which
functions like a miRNA (8) and is Dicer dependent. In this
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study, we examine the abundance, expression patterns, and
sequence characteristics of unusually small (~16-base) RNAs
(usRNAs) that are below the canonical size of miRNAs, which
generally would otherwise be ignored as insignificant transient
degradation products.

MATERIALS AND METHODS

Northern blot analysis. Total RNA (50 pg) was separated on 18% denaturing
polyacrylamide gels and electro-transferred to Brightstar positively charged ny-
lon membranes (Ambion, Austin, TX). LNA-DNA mixed oligonucleotide probes
(Sigma-Aldrich, St. Louis, MO) were labeled with the nonradioactive digoxige-
nin (DIG), using an end tailing kit (Roche Applied Science, Indianapolis, IN).
Hybridization was carried out overnight in Ultrahyb buffer (Ambion) at 42°C,
and the blots were washed for two rounds in 2X SSC/0.5% SDS (1x SSCis 0.15
M NacCl plus 0.015 M sodium citrate) and one round in 5X SSC/0.5% SDS at
68°C. DIG signals were detected with alkaline phosphatase-conjugated anti-DIG
antibody (catalog no. 11093274910; Roche). The probe sequence 5'-GCTTAC
ACCCAGTTTCCTGTAAT-3" (LNAs are underlined) was used to detect K12-1.

Preparation of small RNA libraries. BCP-1 cells (12) were maintained in
RPMI 1640 medium (Mediatech Inc, Herndon, VA) supplemented with 20%
fetal bovine serum (Sigma-Aldrich). Total RNA was isolated from BCP-1 cells
using Trizol (Invitrogen) and size fractionated on a 20% polyacrylamide-urea gel
(National Diagnostics, Atlanta, GA) along with synthesized RNA size markers
(Sigma-Aldrich). The gel was stained with 5 pg/ml ethidium bromide (Bio-Rad,
Hercules, CA), and the RNA fractions ranging approximately from 8 to 30
nucleotides were excised. The gel slices were crushed and soaked in 0.4 M NaCl,
frozen, thawed, and passed through Nanosep 100K filters (Pall Corp., Ann
Arbor, MI). The RNA was precipitated with 20 ug glycogen (Ambion), dissolved
in water, and ligated to the 3’ adaptor (5'-AMP-CTGTAGGCACCATCAAT-d
dC-3’; IDT Corp., Coralville, IA) using T4 RNA ligase (Ambion). The ligated
RNA was size fractionated, excised on 18% polyacrylamide-urea gel, eluted from
the gel slices, and ligated to the 5" adaptor (ATCGTrArGrGrCrArCrCrUrGrA
rArA, where r indicates ribonucleotide; IDT Corp.). The reaction mixture was
phenol extracted and precipitated. The resulting ligated RNAs were reverse
transcribed based on a primer (ATTGATGGTGCCTACAG) complementary to
the 3" adaptor using SuperScript II (Invitrogen, Carlsbad, CA). The reverse-
transcribed cDNA was amplified by PCR based on 5" (ATCGTAGGCACCTG
AAA) and 3' (ATTGATGGTGCCTACAG) primers complementary to the
adaptors using Platinum 7ag high-fidelity polymerase (Invitrogen, Carlsbad,
CA). PCR products were separated on a 4% MetaPhor agarose gel (Lonza,
Rockland, ME) and purified using the Qiaex IT gel extraction kit (Qiagen,
Valencia, CA). A second round of PCR was performed to add 454 sequencing
primers to the PCR products, and the resulting products were sequenced by 454
Life Sciences (Branford, CT).

Western blots. Double-stranded RNAs (dsRNA) were synthesized commer-
cially by Proligo (Paris, France). The sequences for miR-K12-1 dsRNA were
5'-AUUACAGGAAACUGGGUGUAAGC-3' (sense) and 5'-UUACACCUG
UUUCCUGCAACCC-3' (antisense). Sequences for ds-us-K12-1 were 5'-AUU
ACAGGAAACUGGGU-3" (sense) and 5'-CCAGUUUCCUGUAACCC-3’
(antisense). The Block-iT fluorescent oligo (Invitrogen) was used as the irrele-
vant control sequence. Block-iT oligo is not known to regulate genes via the
RNA interference pathway since its sequence is designed to have negligible
similarity to any known gene. For transfection of oligos into HEK293 cells, 6 X
10° cells were plated in six-well plates and transfected the following day with 100
nM dsRNA duplexes using Lipofectamin2000 (Invitrogen). Cells were harvested
after posttransfection (48 h), and Western blot analyses were performed using
standard procedures. Rabbit anti-RAD21 antibody was obtained from Abcam
(Cambridge, MA); mouse anti-tubulin antibody was purchased from Sigma-
Aldrich (St. Louis, MO); IRDye 800CW goat anti-mouse immunoglobulin G
(IgG) was obtained from Rockland Immunochemicals (Gilbertsville, PA); Alexa
Fluor 680 goat anti-rabbit IgG was obtained from Invitrogen. Membranes were
scanned, and images were analyzed using the Odyssey infrared imaging system
(Li-CoR Biosciences, Lincoln, NE). The ratio of expression levels of RAD21 to
tubulin was normalized to that of the RNA-transfected control sample.

Real-time RT-PCR. After transfection of dsRNAs as noted above, total RNA
was purified using Trizol reagent (Invitrogen) and then treated with RNase-free
DNase I (Ambion). Reverse transcription (RT) was performed using a Super-
script first-strand synthesis kit (Invitrogen) and random primers. Real-time PCR
was carried out using SYBR greenER qPCR SuperMix Universal (Invitrogen) on
a SmartCycler system (Cepheid, Sunnyvale, CA). The primers used for amplifi-
cation of RAD21 were 5'-GCACACTCCTGGTTTGGAAC-3’ (sense) and 5'-A
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ACAGTCACATGATTTCTGATGC-3" (antisense). The house-keeping GAPDH
gene was used as a control. The primers for GAPDH were 5'-CGGAGTCAAC
GGATTTGGTCGTAT-3' (sense) and 5'-AGCCTTCTCCATGGTGGTGAAG
AC-3’ (antisense). BCBL1 cDNA was used as a reference sample to generate the
standard curves for both R4D21 and GAPDH, from which the expression levels
in the experimental samples were extrapolated. The ratio of expression levels of
RAD21 to GAPDH was normalized to that of the RNA-transfected control
sample.

Immunoprecipitation and Northern blot analysis of Ago-RNA complexes.
HEK293 cells were transfected with ds-K12-1 and ds-us-K12-1 as described
above. Cells were lysed after 48 h, using buffer containing 20 mM Tris-HCI (pH
7.5), 150 mM NaCl, 0.25% NP-40, and 1.5 mM MgCl,_ The antibodies used were
anti-Ago1-4B8 (8), anti-Ago2-11A9 (8), anti-Ago3-4B1-F6 (51), anti-Ago4-1B7-
G11 (51), and irrelevant antibody rat IgG 2b (BD Biosciences Pharmingen, San
Diego, CA; 1 pg/ml). After overnight incubation at 4°C, protein A/G Plus
agarose beads (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were added to
the lysate at a concentration of 30 pl/ml. After another 6 h of incubation at 4°C,
beads were pelleted, washed four times with washing buffer containing 20 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 0.5% NP-40, and 1.5 mM MgCl,, and then
washed once with phosphate-buffered saline. RNA was extracted from beads by
Trizol (Invitrogen) and then detected by Northern blotting. The probe used
against us-K12-1 was an LNA-DNA mixed oligo (5'-ACCCAGTTTCCTGTAA
T-3'; LNAs are underlined). Northern blot bands were quantified by ImagelJ
(http://rsbweb.nih.gov/ij/). The ratio between the quantified intensities of us-
K12-1 and K12-1 for each Ago was used as an estimate for the relative affinity of
each Ago protein. The ratios were further normalized using the relative affinity
of Agol to enable easy data interpretation, resulting in a relative affinity value of
1.0 for Agol.

Luciferase assays. HEK293 cells (ATCC) were maintained in Dulbecco’s
minimal essential medium (Mediatech Inc, Herndon, VA) supplemented with
10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO) and were plated at a
density of 4 X 10%/ml in 24-well plates. Cells were transfected the following day
using Lipofectamin2000 with firefly luciferase reporter plasmids (200 ng) and
Renilla luciferase control plasmids (100 ng), along with either 10 nM ds-K12-1 or
ds-us-K12-1 and irrelevant control oligos. Luciferase activity was measured 48 h
after transfection using the dual luciferase assay system (Promega, Madison,
WI). The ratio of the firefly and Renilla activities was normalized by the average
activity (firefly/Renilla) of the control RNA. For dose-response analysis, the
amount of plasmids was kept constant, and desired amounts of oligos (ds-K12-1
or ds-us-K12-1) were mixed with control oligos to maintain the concentration of
total oligos at 10 nM. The strategy was used to help ensure that equal amounts
of plasmid-RNA-lipid complexes were formed in different wells, and thus, trans-
fection efficiency was stable across samples.

Ago-association data and motif detection. The Ago immunoprecipitation data
(8) contained only sequences with a minimum length of 17 bases. In order to
compare Agol and Ago2 data, Agol reads were multiplied by a normalization
factor (2.08) to accommodate the difference in total number of reads between
the samples. Motifs were detected using MEME and MAST (http://meme.sdsc
.edu). Two-tailed Fisher’s exact test was used to estimate statistical significance
of the observed preferences of motifs for usRNAs versus TSSa-RNAs and
piRNAs.

To search for additional position-specific motifs and since readily usable soft-
ware was not available for such a search, we implemented concepts used for
entropy-based motif representation (5, 39). Specifically, with respect to the 5’
and 3’ ends of a given sequence, we evaluated the positional preference of every
possible sequence substring (k-mers), where k is the sequence length. The in-
formation content of every position for a set (S;) of all RNA sequences
containing a given k-mer was determined. The information content (IC) at a
position (j) is calculated using the base (b) frequency (F) at position j, based
on Shannon entropy. Specifically, IC is defined (39) as ICj(S,) = log,4 —
Zycpivee ™ Fri(Se) X 10g2Fu(S)]-

The positional preference of a given base is evaluated as the relative informa-
tion content of the base, RIC,;(Sy), the product of IC,(S,) and F, (S) (5, 39). To
avoid artifacts due to small sample size and to limit our analysis to a set of
prevalent motifs, sequence sets (S;) that contain less than a predefined number
of sequences, N, were not considered for the analysis. We further required the
bases corresponding to a specific k-mer at a given position to have the highest
RIC scores and the corresponding RIC scores to be above a predefined thresh-
old, RIC (RIC® = 0.2). The threshold N” was set to 1% of the number of
sequences in Sy. If the resulting threshold was less than 100, N° was set to 100.
To avoid spurious motifs due to close sequence family members, we used BLAST
to curate representative RNAs that shared less than 80% sequence identity. The
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FIG. 1. Detection of us-k12-1 and other putative small RNAs.
(A) Northern blotting detected K12-1 (~22 nt) and us-K12-1 (~16 nt)
in KSHV-positive cells (BCBL-1) but not in KSHV-negative cells
(BJAB). Ethidium bromide staining (bottom) confirmed equal load-
ing. (B) The number of sequence reads for various sizes of RNAs.
Numerous usRNAs were also found in fraction B, likely due to RNA
cross-hybridization and nonuniform RNA migration.

representative set of sequences of 8,374 usRNAs, 23,438 human piRNAs (38),
and 11,549 TSSa-RNAs (k = 1 to 7) were used to search for motifs.

RESULTS

Human cells contain numerous stable usRNAs smaller than
miRNAs. While studying miRNAs of Kaposi sarcoma-associ-
ated herpesvirus (KSHV), we observed that the K12-1 KSHV
miRNA (~22 nt) was consistently associated with a usRNA
(us-K12-1) having a unique and distinct signal (Fig. 1A). To
identify the sequence of us-K12-1 and its functional potency
and to investigate whether similarly sized usRNAs were
present, we used high-throughput sequencing to determine the
composition of two small RNA fractions (Materials and Meth-
ods), comprised of 8 to 18 bases (fraction A) and 19 to 30 bases
(fraction B). High-throughput sequencing yielded 533,491
(293,762 in A and 239,729 in B) reads, corresponding to 69,094
distinct RNA sequences longer than five nucleotides. Visual
inspection (Fig. 1B) and deconvolution analysis (see the sup-
plemental material) of resulting sequence-length distributions
revealed a peak for 15- to 18-base-long RNA products con-
forming to a narrow distribution similar to the distribution of
19- to 23-base-long RNAs containing siRNAs and miRNAs
(see Fig. S1 in the supplemental material). The length distri-
bution analysis also revealed a peak for ~9- to 14-base-long
RNAs that were not considered for further analysis due to the
difficulty in reliably mapping their genomic coordinates and
because of limits in validating and studying the expression
patterns of such small RNA products.

Removal of RNAs matching the highly expressed tRNAs,
rRNAs, snoRNAs, and miRNAs did not eliminate the charac-
teristic peaks corresponding to usRNAs (see Fig. S2 in the
supplemental material). Moreover, the average cellular abun-
dance of usRNAs was similar to that of canonical small RNAs
(19 to 23 nt) containing Dicer-dependent products, suggesting
that these usRNAs are stably expressed in cells (see the sup-
plemental material). To gain further insights into the stability
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of usRNAs, we transfected us-K12-1 and K12-1 separately into
HEK293 cells and monitored their expression levels (see Fig.
S3 in the supplemental material). The half-life of us-K12-1 was
unusually long (~72 h) compared to that of mammalian
mRNAs (35) yet shorter than that of the K12-1 miRNA, which
has a half-life over 96 h. The unexpected stability of us-K12-1
suggested that usRNAs might have protein partners that sta-
bilize them. We also note that although time point 0 used
identical concentrations of the two RNAs, the signal intensity
of us-K12-1 was significantly lower than that of K12-1, high-
lighting the technological limits in detecting us-K12-1. Thus, it
is likely that us-K12-1 is more abundant than its concentration
estimated from Northern blots.

We also compared usRNAs from BCP1 to those of a small
RNA library (8 to 18 bases) from an unrelated tissue sample
(normal breast). We found that 24.8% (298) of the 15- to
18-base-long usRNAs from the breast library matched identi-
cally (100%) to those of the BCP1 library, substantiating that
numerous usRNAs are generated repeatedly across various
cell types. These observations led us to believe that a fraction
of usRNAs are not transient degradation products but rather
stable molecules which could have evolved to participate in
biological processes.

Numerous miRNA-derived usRNAs preferentially associate
with Ago2. Sequencing revealed that the us-K12-1 sequence is
identical to the first 17 bases of K12-1 miRNA and revealed
the presence of other miRNA subproducts. We hypothesized
that relevant miRNA subproducts might associate with Ago
effector proteins and therefore used raw data from a recent
Ago immunoprecipitation study (8) to determine whether
miRNA-derived usRNAs interact with Ago proteins. Of 205
Ago-associated miRNAs, 62 (30%) generate usRNAs that also
associate with Ago in HEK293 cells. Similar to us-K12-1, these
cellular usRNAs are almost always processed from positions 1
to 18 of the 5’ termini of miRNAs (Fig. 2A), indicating 5'-
dependent and position-specific processing from mature or
precursor miRNAs. We also found that, compared to Agol,
miRNA-derived usRNAs (17 to 18 nt) preferentially associate
with Ago2 (Fig. 2B), the only human Ago with endonuclease
activity, which is required for siRNA function. In comparison,
miRNAs (21 to 23 nt) manifest a reverse trend (0.29-fold Ago2
versus Agol binding).

To examine whether us-K12-1 manifests Ago association
patterns similar to those of the general population of usRNAs,
we immunoprecipitated Ago-RNA complexes from us-K12-1-
or K12-1-transfected cells using antibodies (2, 48, 51) against
Agol, Ago2, Ago3, and Ago4. Since Ago antibodies are ex-
pected to have different affinities of binding to the target Ago
proteins, we realized that the amounts of RNA precipitated by
different antibodies might not be identical. To minimize such
bias caused by the antibodies, the ratio of the estimated bind-
ing affinities of each Ago protein to us-K12-1 and K12-1 was
used to quantitate the pattern of Ago protein binding to us-
K12-1 and K12-1. Consistent with the observed Ago associa-
tion pattern using all usRNAs, calculation (see Materials and
Methods) of relative affinities of Ago proteins with respect to
K12-1 in the binding of us-K12-1 revealed that the relative
affinity of Ago2 is more than those of Agol, Ago3, and Ago4
(Fig. 2C). Taken together, these observations indicate that
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FIG. 2. Characteristics of Ago-associated miRNA-derived
usRNAs. (A) Ago-associated miRNA-derived usRNAs primarily
match to 5" positions 1 to 17 of miRNAs and rarely map to 3’ ends
of miRNAs; percentage of miRNAs that match to usRNAs (17 to 18
nt) is plotted at each miRNA position. (B) Number of sequence
reads associated with Agol and Ago2 and their ratios (Ago2 to
Agol) indicate the preferential association of Ago2 with 17- to
18-base-long miRNA-derived usRNAs. (C) Northern blot of Ago-
associated K12-1 (top) and us-K12-1 (bottom) based on immuno-
precipitation of Ago 1 to 4. Control, irrelevant antibody. The esti-
mated Ago relative affinities with respect to K12-1 in binding
us-K12-1 are indicated (see Materials and Methods). Relative af-
finities are normalized to that of Agol.
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these miRNA-derived usRNAs might be functionally viable
and may contribute to gene regulation to some extent.
us-K12-1 can regulate human RAD21. Using a miRNA tar-
get prediction method (19), we identified two potential
miRNA K12-1 binding sites in the 3’ untranslated region
(UTR) of human RAD2I mRNA (Fig. 3A) encoding a ds
break repair protein involved in the G,/M checkpoint (11, 17).
The first site in RAD21 is strongly complementary to both
K12-1 and us-K12-1 (positions 1 to 15), suggesting a possible
RNA interference-mediated regulatory site. In contrast, the
complementarity in the second region is limited (positions 2 to
8), consistent with a canonical miRNA binding site (7). To test
whether RAD2] is a direct target of us-K12-1 and K12-1, we
transfected HEK293 cells with us-K12-1 or K12-1 ds oligonu-
cleotides. Both miR-K12-1 and us-K12-1 were able to knock
down the endogenous expression level of RAD21, both at the
protein (Fig. 3B) and mRNA (Fig. 3C) levels. To investigate
which of the two predicted target sites are responsible for the
gene silencing effect, we used HEK293 cells transfected with a
firefly luciferase reporter fused to the wild-type (WT) human
RAD21 3" UTR or to UTRs having mutations at the first (M1),
second (M2), or both (M1 + 2) target sites. Transfection ef-
ficiencies were normalized using a Renilla luciferase reporter.
Both us-K12-1 and K12-1 inhibit the WT reporter activity by
62% (Fig. 3D). While mutations in M1 markedly reduced
repression by us-K12-1 and K12-1 miRNA, mutations at the
M2 site reduced miRNA K12-1 activity (62% to 26%) but had
little effect on us-K12-1-mediated repression (62% to 71%).
When both target sites were mutated (M1 + 2), both us-K12-1
and miR-K12-1 inhibition of reporter activities were abolished.
To further study the regulation, we performed dose-response
assays for both K12-1 and us-K12-1 using the WT reporter. We
found that the activity profiles of K12-1 and us-K12-1 were

A B 5 -
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codon -~ K12-1 binding sites ~. Poly(A) ta"l .g. 3 .g. <
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FIG. 3. Both miR-K12-1 and us-K12-1 can downregulate RAD2I. (A) The 3" UTR of the R4D2] mRNA contains two putative binding sites
for K72-1 and us-K12-1 (underlined) at positions 3099 (site 1) and 3433 (site 2). (B) Immunoblots of endogenous RAD21 indicate that both
miR-K12-1 and us-K12-1 downregulate the protein level of RAD21, in comparison to control RNA (Control). Tubulin levels confirm equal
loading. For clarity, RAD21 levels are also normalized (Norm.) based on Tubulin signals (bottom). (C) Real-time RT-PCR of RAD21 transcripts
demonstrate that miR-K12-1 and us-K12-1 also downregulate RAD21 mRNA levels. (D) Normalized firefly luciferase activity for WT or mutated
(M1, M2, and M1 + 2) UTRs after transfection of K12-1 miRNA or us-K12-1. Note that although mutations in either binding site affect miR-K12-1
activity, us-K12-1 activity is largely unaffected by mutations in the canonical miRNA binding site (site 2). (E) Normalized firefly luciferase activity
for WT UTR after transfection of either K12-1 miRNA or us-K12-1 at various concentrations (0.1 to 10 nM). All error bars represent standard

error of the mean (n = 3).
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-T|T CTCCCTAGCIEACKE - -
-T|T CGGCCAACGEACE - -
-T|T CGGCCAACGEAARC -
-T|T AGCTCGAAGGACE- -
- AT CGGCCAACGEACE - -
- AT CACCTTCGTEGAREC -
- AT CACCCTCGT|EGA[CC -
- -A GGGCGGAAACAALCC -
- AC CACTCTCGGTAAEC -
- TC CGTGCCGGTEAAEC -
-AA GGGCGGAAACAACC -
-- T TGCTCACAGEGAACC
-- T TGCCGACTAECGCEAT
- TCETGACCGACTAREGCE - -
-- T GGCTCGAAGGACECAT
-- & GAGTCACGGEACENT
- TC GGGTTTCGGEACE - -
-— T CGCACCGGCEACECAT
- TC CGTGCCGGTEACICG -
- TC CGTGCCGGTEACAG-
- TC CGGCATCTC|EACKC - -
- TC CGGCATCTC@AACC -
- TC CGGCACCTC@AAEC -
- TC CAGTACCTCEACE - -
-- T CACCGCTGCEAAICC -
-- T GAGTCACGGEACCAT
- TA GGCTCGAAGGACE- -
- GT TGCCAGGCT|EGCE - -
- GT CATCGTCCAEGCCEE- -
- AT TGCCGACTAECGCIE - -
- AT CACTCCTGACACKE - -
-- I GAGTCACGGEAARC -
cce CAGCCACCGEAGE - -
-CccC GACCGCCGGTACKE - -
- AT GAGTCACGGEAAEGC -
ATC CACTCCTGAECACE - -
- AT CATCGCCCGETCE - -
- AT CACTCCTGACGAAICC -
- AT CACCTTCGTEGCE - -
- AT CACCCTCGTEGCE - -
ATCEACGTCAAGGGEIACEC - -
ATA GGCTCGAAGGACEC--
- TC CGTGCCGGTEACKE - -
AATETGGGT GCCACETCE - -
AAT CTCCCTGTCEGCE - -
AAT CGGACGAGCECCE - -
AATT AGCCAGACCEACE - -
-AA GGGC GGAAACACEC - -
- AT CACTTCT GACGAAICC -
-- T GAGTCACGGEACEAG
TCC CGTGCCGGTEACE - -
- AT TGCCGACTAREGAEC -
- AC CACTCCTGGTAAECC -
-T|T GGCTCGAAGGAAIEC -
-- TE@TCGCTGGGG C@TAICIC -
- AT GAGTCACGGEACKE - -
- ATICETCGGT GGGA CETCC - -
- AT CACCGCTGCEAAECC -
- AC TGCTCGCTGEGCE - -
-- TETCGGTGGGACEITACC -
-- T GGGTGCCCCETACC -
- - GAGTCACGGEAAACC
- - CTGGATGTGEAARCC -
- - [T CGGCCCATGEAAEGC -
- TC GGCCAACGACAAECC -
- TC GGCCAAACGEACEC - -
TCC GTGACCGGTEACKEC - -
- TC CGGCACCTC|EGACKE - -
- TC CGCCTGTCAEGGALG-

CAGTACCTC|EGAC

CACTCCTGAEAAACC

Cacle.

CHARACTERIZATION OF VIRAL AND HUMAN usRNAs 12755

similar, and both RNAs regulated RAD21 in a dose-depen-
dent manner (Fig. 3E). As noted earlier, since the endogenous
concentration of us-K12-1 is likely much higher than its abun-
dance estimated from Northern blots, us-K12-1 could regulate
gene expression to a considerable extent.

usRNAs contain position-specific motifs. Next we analyzed
the sequence characteristics of usRNAs to determine if they
contain sequence motifs that may provide some insights into
their underlying cellular processes. Since Ago-associated
usRNAs are more likely to have biological activities, we ini-
tially focused on Ago-immunoprecipitated small RNAs from
HEK293 cells and found an unusual CC signature motif (Fig.
4) (E value = 10~%*) present in 15.7% (75/479) of non-
miRNA-derived usRNAs associated with Ago, which is not
present in miRNA-derived usRNAs or in other small RNA
classes (piRNAs, miRNAs, and TSSa-RNAs). Among the 75
Ago-associated sequences containing the CC signature motif,
35 RNAs contained a CACC subsequence, of which the ma-
jority (71.4%) harbored the CACC motif in a position-specific
manner at the 3’ end (*2 bases).

Detection of the position-specific CACC motif in Ago-asso-
ciated non-miRNA-derived usRNAs led us to expand the mo-
tif search to the complete usRNA population in BCP1 cells.
We also included piRNAs and TSSa-RNAs as controls in our
analysis. We did not detect any strongly represented sequence
motifs in piRNAs and TSSa-RNAs, except for the known 5’
preference for uridine in piRNAs. However, a highly position-
specific CACCA motif, which is similar to the motif present in
Ago-associated usRNAs in HEK293 cells, was present in us-
RNAs from BCP1 cells; 50 percent (158/315) of CACCA-
containing usRNAs from BCP1 cells embedded CACCA pre-
cisely at position 1 from the 3’ end, in contrast to proportions
of 2.8% (18/632) for piRNAs and 9.5% (6/63) for TSSa-RNAs
(P=1x10"%and 5 X 10719, respectively).

In addition to the CACCA motif, we find three nonredun-
dant motifs in the 3’ ends of non-miRNA-derived usRNAs
from BCP1 cells, which are also generally overrepresented in
usRNAs (Fig. 5). Sixty-one percent (191/313) of the usRNAs
encoding the subsequence CGCCA embedded CGCCA pre-
cisely at position 1 from the 3’ end, in contrast to 8.7% (15/173,
P =3 X 107%?) of piRNAs and 8.0% (6/75, P = 5 X 10~ ') of
TSSa-RNAs. Two less prominent motifs, GCCGC and
GGGGGQG, are located approximately 10 bases away from the 3’
end in usRNAs. While the GCCGC motif is unique to
usRNAs, the GGGGG motif is also weakly manifested in
TSSa-RNA:s, in which it is also located approximately 10 bases
from the 3’ end. GGGGG-like motifs are overrepresented in
promoter regions (23) and are preferentially located toward
the transcription start sites of protein-coding genes. Thus, it is
possible that the GGGGG motif-containing usRNAs represent
transient degradation products or are TSSa-RNA-like prod-

FIG. 4. Ago-associated non-miRNA-derived sequences containing
the 5" and 3" C-rich motifs. The sequences (17 to 18 nt) are highly
conserved at the 5" and 3’ end. The WebLogo representation (bottom)
of the motif reveals several similarities with that of the CACCA-
containing RNAs, particularly with respect to the strong preferences
for C’s at the 3’ end, C’s at 5’ positions 4 and 5, and a subdued yet
relevant preference for A in CACC at the 3’ end (see also Fig. 5).
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FIG. 5. The motifs CGCCA, CACCA, GCCGC, and GGGGG are preferentially located at specific 3’ positions of usRNAs and do not manifest
such positional preferences in RNAs longer than 18 bases generally. The total number of RNAs (e.g., 23,438 piRNAs) used in the analysis and
the total number of motif-containing RNAs (e.g., 313 CGCCA-containing RNAs) are indicated in parentheses.

ucts, while RNAs that harbor the consistently C-rich motifs,
CGCCA, CACCA, and GCCGC, likely correspond to biolog-
ically relevant usRNAs.

DISCUSSION

The identification of a viral RNA product (usRK12-1) that is
shorter than canonical miRNAs led us to investigate the char-
acteristics of usRNAs. We found that a subset of miRNAs
produce usRNAs specifically from the 5’ ends, which are also
associated with Ago proteins and manifest a stronger prefer-
ence for Ago2 than Agol. The existence of miRNA-derived
usRNAs is also supported by previously uninterpreted bands
that are similar to those for us-K12-1 in Northern blots of
several miRNAs (e.g., JC virus miR-J1 [40] and miR-122 in
Huh?7 cells [20]). Cumulatively, the results above and the ob-
servations that us-K12-1 can repress the RAD21 mRNA and
that the majority of miRNA-derived usRNAs maintain the
same 5’ seed region as the parental miRNAs suggest that
miRNA-derived usRNAs may also contribute to gene regula-
tion.

In addition to miRNA-derived usRNAs, we found hundreds
of 15- to 18-base-long non-miRNA-derived usRNAs. We also
found that many usRNAs harbor motifs that are both overrep-
resented and highly preferred at precise locations on their 3’
ends. Intriguingly, all three position-specific motifs that are
overrepresented in usRNAs and the motif detected in Ago-
associated 15- to 18-base-long RNAs are C rich. The absence
of such motifs in the large class of TSSa-RNAs and piRNAs
suggests that these motifs are not simply increasing the stability
(e.g., exonuclease resistance) of RNA transcripts. Independent
detection of similar motifs in Ago-associated non-miRNA-de-
rived usRNAs further highlights the importance of such motifs.
Other known small RNA motifs include a hexanucleotide el-
ement that affects nuclear localization of a miRNA (18), the
terminal U in piRNAs and 21U-RNAs that may be relevant for

interactions with Ago (14, 36), and the seed regions of miRNA
family members, which determine their target specificities (27).
Thus, it is likely that the motifs that we identified are not
limited to a single function but rather reflect the diverse path-
ways in which small RNAs participate.

Comparison of usRNAs from an additional data set of
RNAs from normal breast tissues with BCP1 usRNAs revealed
the presence of hundreds of completely identical sequences in
both libraries. The large (25%) overlap between the two un-
related libraries diminishes the possibility that such overlap-
ping usRNAs are transient products and indicates that they
likely are generated by a process that repeatedly, reproducibly,
and accurately produces the same sequences in various tissues.
Since miRNA-derived usRNAs possess 5’ ends that are iden-
tical to those of mature miRNAs that are produced by Dicer,
the specific cellular process that generates them is likely de-
pendent on the miRNA pathway and occurs arguably after the
processing of the primary transcripts of miRNAs by Drosha. In
contrast, non-miRNA-derived usRNAs are generated likely by
other cellular mechanisms. One such possible mechanism is
the stress-response pathway that induces tRNA-derived small
RNAs (~30 to 50 nt) termed sitRNAs and tiRNAs that were
found to occur in stress-induced cells (28, 50). The stress re-
sponse pathway also overlaps with the miRNA pathway. When
cells are subjected to stress, Ago proteins accumulate in cell
structures known as stress granules, a process that requires
miRNAs (26). Additional evidence linking small RNAs to
stress responses was discovered in plants responding to biotic
and abiotic stress factors (29, 31, 42). Taken together with the
discovery of tRNA-derived small RNAs under stress and the
reasoning that small RNAs provide an effective mechanism to
fine-tune gene expression, we speculate that cellular stress
response pathways might also play a role in the biogenesis of
usRNAs.

The aforementioned observations and the recent finding
that a degradation-like product from the ACA45 snoRNA
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functions as a miRNA raise the possibility that many stably
expressed usRNAs participate in biological processes. While
miRNA-derived usRNAs might participate in fine-tuning gene
expression, the cellular roles of non-miRNA-derived usRNAs
remain unclear and require further study. Extrapolating the
results of expression profiling of non-miRNA-derived usRNAs
(see the supplemental material), we estimate that ~30% of
non-miRNA-derived usRNAs that are generated across tissues
could have evolved biological roles. In conclusion, the discov-
ery of the diverse group of usRNAs and the recent discoveries
of longer, stable, degradation-like products, such as ACA45-
derived small RNA (8), and many other snoRNA-derived
RNAs (43) that are Dicer dependent point to a biologic role
for many of the previously ignored small RNAs that derive
from long functional gene transcripts.
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