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Signatures of RNA binding proteins globally coupled
to effective microRNA target sites
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MicroRNAs (miRNAs) and small interfering RNAs (siRNAs), bound to Argonaute proteins (RISC), destabilize mRNAs
through base-pairing with the mRNA. However, the gene expression changes after perturbations of these small RNAs are
only partially explained by predicted miRNA /siRNA targeting. Targeting may be modulated by other mRNA sequence
elements such as binding sites for the hundreds of RNA binding proteins (RNA-BPs) expressed in any cell, and this aspect
has not been systematically explored. Across a panel of published experiments, we systematically investigated to what
extent sequence motifs in 3’ untranslated regions (UTRs) correlate with expression changes following transfection of small
RNAs. The most significantly overrepresented motifs in down-regulated mRNAs are two novel U-rich motifs (URM:s),
UUUUAAA and UUUGUUU, recently discovered as binding sites for the ELAVL4 (also known as HuD) RNA-BP.
Surprisingly, the most significantly overrepresented motif in up-regulated mRNAs is the heptanucleotide AU-rich ele-
ment (ARE), UAUUUAU, which is known to affect mRNA stability via at least 20 different RNA-BPs. We show that
destabilization mediated by the transfected miRNA is generally attenuated by ARE motifs and augmented by URM
motifs. These ARE and URM signatures were confirmed in different types of published experiments covering eight
different cell lines. Finally, we show that both ARE and URM motifs couple to presumed endogenous miRNA binding sites
in mRNAs bound by Argonaute proteins. This is the first systematic investigation of 3' UTR motifs that globally couple to
regulation by miRNAs and may potentially antagonize or cooperate with miRNA/siRNA regulation. Our results suggest
that binding sites of miRNAs and RNA-BPs should be considered in combination when interpreting and predicting
miRNA regulation in vivo.

[Supplemental material is available online at http:// www.genome.org and at http:// people.binf.ku.dk/andersbj/ utrwords/.]

MicroRNAs (miRNAs) are small endogenous RNA molecules that
regulate gene expression posttranscriptionally (Chekulaeva and
Filipowicz 2009). Hundreds of mRNAs are down-regulated follow-
ing miRNA transfection (Lim et al. 2005; Wang and Wang 2006;
Grimson et al. 2007) and up-regulated following miRNA inhibition
(Kriitzfeldt et al. 2005; Frankel et al. 2007), presumably mediated
by miRNA targeting. However, a substantial fraction of mRNA
expression changes is not accounted for by direct miRNA targeting.
A large fraction of genes that contain a predicted miRNA site do
not display detectable down-regulation after transfection of the
miRNA (Grimson et al. 2007; Baek et al. 2008; Hammell et al. 2008;
Selbach et al. 2008), and some reports claim that only 30%-40% of
mRNAs, which are up-regulated after inhibition, contain predicted
miRNA sites (Kriitzfeldt et al. 2005; Frankel et al. 2007). Other
expression changes seen after transfections may be accounted for
by impaired endogenous miRNA targeting through saturation of
RISC (Khan et al. 2009) and, of course, by secondary effects. We
reasoned that there may be other, as yet undiscovered, sequence
signals that modulate miRNA targeting. Such signals would clearly
be important for understanding basic miRNA biology, design of
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small interfering RNAs (siRNAs), and development of small RNA
therapeutics.

Of the hundreds of RNA binding proteins (RNA-BPs) in the
human genome (Finn et al. 2008), some are known to regulate
mRNA turnover and protein translation often mediated by sequence
elements in the 3’ untranslated region (UTR). The CPE binding
motif (Piqué et al. 2008), FMR binding motifs (Darnell et al. 2001;
Schaeffer et al. 2001), AU-rich elements (AREs) (Barreau et al. 2005),
and newly discovered ELAVL4 (also known as HuD) binding motifs
(Bolognani et al. 2009) are but four of the most well studied. AREs
recruit at least 20 different binding proteins (ARE-BPs) that signal
rapid degradation or increased stability of mRNAs in response to
stress or developmental cues (Barreau et al. 2005). Multiple copies of
the core ARE motif (the heptanucleotide UAUUUAU) in a 3’ UTR
increases mRNA decay potency (Lagnado et al. 1994; Zubiaga et al.
1995), and it is the most frequent conserved motif in 3" UTRs after
miRNA sites and the polyA signal (Xie et al. 2005).

The connection between ARE and miRNA-mediated regula-
tion remains an open question. A few cases of cooperative (Jing
et al. 2005; Kim et al. 2009; Sun et al. 2009) and competitive
(Bhattacharyya et al. 2006) binding have been described, and ARE
associated proteins such as PAIP1, FXR1, and KSRP have been as-
sociated with miRNA regulation (Caudy et al. 2002; Jin et al. 2004;
Trabucchi et al. 2009). In addition, an ARE motif together with the
binding of a miRNA loaded RISC in the TNFalpha 3’ UTR induces
up-regulation rather than down-regulation under certain cellular
conditions (Vasudevan et al. 2007), and another computational
study mentioned that UAUUUA hexamers correlated with mRNA
expression changes after both miR-1 and miR-124 transfection in
HelLa cells (Sood et al. 2006).
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Table 1. Top 10 words recurrently correlated with up-regulation following miRNA
transfection

Mean word

correlation Word correlation ranks in individual experiments
Rank Word rank (5-, 6-, 7-mers, N = 21,504)
1 UAUUU 546.5 52, 43, 48, 573, 1038, 1380, 151, 158, 722, 43, 1802
2 UAUUUAU 708.0 49,10, 9, 361, 3377, 212, 357,139, 1725, 17, 1531
3 AUUUAU 1008.5 131,15, 31, 918, 3293, 2839, 518, 58, 2195, 95, 998
4 GUGAAG 1038.2 862, 861, 313,172, 93, 3808, 238, 61, 2324, 1400, 1287
5 AUUUAUU 1059.9 187, 1, 40, 2665, 1361, 1206, 254, 188, 2204, 45, 3504
6 UAUUUA 1072.3 178, 3, 20, 918, 4560, 1841, 539, 1113, 705, 3, 1913
7 UAUUUU 1138.0 125, 1348, 81, 1408, 223, 3728, 14, 830, 4215, 295, 249
8 AGCCA 1181.7 659, 736, 882, 25,4119, 141, 884, 416, 100, 1373, 3661
9 AGAGAA 1234.5 226, 854, 710, 2742, 709, 4333, 195, 331, 852, 150, 2474
10 UUUAU 1240.3 87, 151, 30, 3008, 3510, 1421, 105, 33, 2001, 1054, 2240

Word correlations were calculated for mRNA expression profiles of 11 different miRNA transfections in
Hela cells. Recurrent word correlation in up-regulated genes across all experiments was measured by
the mean word correlation rank across all transfection experiments (see Methods). All words in the table
have a highly significant recurrent word correlation (FDR < 1 X 10~*, permutation test). Word corre-
lations in individual experiments are listed in the last column in the following order: miR-181a, miR-9,
miR-128, miR-132, miR-133a, miR-142, miR-148b, miR-122, miR-7, miR-124, and miR-1.

(21,504 words in total), we used a non-
parametric correlation statistic to mea-
sure overrepresentation in 3’ UTRs of up
and down-regulated genes respectively (see
Methods). Confirming many previous
analyses (Lim et al. 2005; Sood et al.
2006; Grimson et al. 2007; Nielsen et al.
2007), the most overrepresented word in
3" UTRs of the down-regulated mRNAs in
each of the 11 experiments was the 6- or
7-mer seed site of the transfected miRNA
(data not shown). We subsequently
quantified the extent that a given word
correlated with up- or down-regulation
across all the experiments, indepen-
dently of the transfected miRNA mimics.
This approach revealed 91 and 993 words
significantly enriched (FDR < 1 X 107%,
permutation test; see Methods) in up-
and down-regulated genes, respectively

We hypothesized that miRNA regulation may be modulated
systematically and genome wide by the presence or absence of
sequence elements such as binding sites for RNA-BPs. To in-
vestigate this with a nonbiased approach, we searched for recurring
sequence signatures correlating with gene expression changes after
miRNA perturbations. We analyzed a panel of 11 different
miRNA transfection experiments in HeLa cells (Lim et al. 2005;
Grimson et al. 2007) and used a nonparametric correlation statistic
to systematically evaluate recurrent overrepresentation of all oli-
gonucleotides (length 5-7) in 3" UTRs of up- or down-regulated
genes.

We discover both known and novel sequence motifs that re-
currently correlate with changes in gene expression after miRNA
and siRNA transfections. Strikingly, we identified the ARE sta-
bility motif, UAUUUAU, as the most significantly overrepresented
motif in up-regulated genes (false discovery rate [FDR] <1 X 107%,
permutation test), and two U-rich motifs (URMs), UUUUAAA and
UUUGUUU, as the most significantly overrepresented motifs in
down-regulated genes (FDR < 1 X 107%).
We strengthen this finding by showing
that two of these top-scoring motifs can

be used as features of 3’ UTRs to signifi- transfection

(see Tables 1, 2; Supplemental Tables S1,

S2). Because many of the most significant
words have very similar sequences, we clustered the words and ob-
tained nine independent sequence motifs enriched in up-regulated
genes and eight in down-regulated genes (see Methods; Supple-
mental Tables S3, S4); two motifs were enriched in both up- and
down-regulated genes. The ARE stability motif, UAUUUAU, was
the most significantly overrepresented motif in up-regulated
genes. URMs similar to the recently discovered HuD binding mo-
tifs (Bolognani et al. 2009), UUUUAAA and UUUGUUU, were the
most significantly overrepresented motifs in down-regulated genes.
These two URMs are subsequently named URM1 (UUUUAAA) and
URM2 (UUUGUUU).

Genes up-regulated after miRNA transfections are enriched
for the ARE stability motif UAUUUAU

The words most overrepresented in up-regulated genes, measured
across all experiments, were substrings or shifted variants of
the ARE motif UAUUUAU (Table 1). Importantly, UAUUUAU was

Table 2. Top 10 words recurrently correlated with down-regulation following miRNA

cantly improve the prediction of effective

K . X Mean word
target sites after miRNA transfections. correlation Word correlation ranks in individual experiments
Furthermore, the endogenous relevance  Rank Word rank (5-, 6-, 7-mers, N = 21,504)
of the motifs are supported by analysis
showing significant enrichment of the 1 uuuuuy 32.6 101, 3, 6, 24, 4,40,17,14,111,17, 21
X ~ tifs in 3’ UTRs bound to 2 UUUUAAA 39.5 10,34, 17, 19, 80, 15, 23, 108, 47, 24, 58
AO p scoring ml({)Elezl9n3 i s boundto 3 UUUULU 427 98, 2,8, 57, 6, 44, 20, 23, 147, 30, 33
rgonaute in cells. 4 UuUUUUUU 44.3 98, 6,7,81,7,50,19, 18, 109, 31, 60
5 UUUAAA 77.3 12, 64, 14,10, 8, 9, 37, 198, 212, 60, 225
. . 6 UUUAAAA 110.0 7,133,116, 23,76, 14, 71, 74, 401, 344, 50
Results and Discussion 7 UUUUG 111.1 78,13, 18, 21, 26, 20, 43, 250, 584, 133, 35
8 UGUUU 118.2 13,18, 26, 26, 14, 37, 77, 453, 471, 109, 56
Discovery of novel Coregulatory 9 GAAAA 118.9 22,5,62,97,63,19, 202, 515,198, 73, 51
10 CAAAA 123.2 92, 55,107, 33, 18, 124, 365, 22, 89, 149, 300

sequence motifs after miRNA

transfections

We analyzed the expression profiles of 11
different miRNA transfections in HeLa
cells (Lim et al. 2005; Grimson et al.
2007). For each word of length 5-7

Word correlations were calculated for mRNA expression profiles of 11 different miRNA transfections in
Hela cells. Recurrent word correlation in down-regulated genes across all experiments was measured
by the mean word correlation rank across all transfection experiments (see Methods). All words in the
table have a highly significant recurrent word correlation (FDR < 1 X 10~*, permutation test). Word
correlations in individual experiments are listed in the last column in the following order: miR-181a, miR-
9, miR-128, miR-132, miR-133a, miR-142, miR-148b, miR-122, miR-7, miR-124, and miR-1.
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significantly correlated with up-regulation in every one of the
individual experiments. Figure 1A shows the word-expression
correlation for the transfection with strongest (miR-128, FDR<1 X
1077) and weakest (miR-133a, P < 0.03, FDR < 0.11) UAUUUAU
correlation in up-regulated genes. Our correlation statistic corrects
for mononucleotide sequence composition bias in 3’ UTRs, and we
found that the UAUUUAU correlations were comparable or even
stronger when correcting for di- and tri-nucleotide composition
bias (see Supplemental material). Our analysis also suggests that
ARE motif correlations were not due to a longer overrepresented
motif (see Supplemental material).

We went on to test the significance of this finding using a dif-
ferent statistical test. We defined the set of genes having statistically
significant overrepresentation of the ARE stability motif UAUUUAU
(448 genes expressed in HeLa cells at P < 0.05; see Supplemental
Table S5; Supplemental material). These 448 genes had on average
about two ARE sites and an average 3’ UTR length of 1400 nucle-
otides (nt). We compared the change in expression of these ARE
motif containing genes in all the experiments to a background set
(defined by all genes expressed in HeLa cells minus the ARE genes),
and found that they were significantly up-regulated (P < 2.5 X
107%°, Kolmogorov-Smirnov one-tailed test; Fig. 1B). Our analysis
further suggested that the consistent up-regulation of ARE genes
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Figure 1. The ARE stability motif is overrepresented in genes up-regulated
after miRNA transfection. (A) UAUUUAU overrepresentation in up-regulated
3’ UTRs after transfection of two different miRNAs in Hela cells. The plot
shows the UAUUUAU running sum (left to right) of word overrepre-
sentation scores in the ranked list of 3’ UTRs (black line) and running sums
from 500 random permutations of the UAUUUAU word scores (red lines,
see Methods). miR-128 is included as it has the strongest UAUUUAU
correlation (FDR < 1 X 10~7) among the 11 different miRNA transfections
in Hela cells, while miR-133a transfection has the weakest correlation (P <
0.03, FDR < 0.11). (B) The gene set defined by UAUUUAU overrep-
resentation at the 0.05 level comprised 448 genes expressed in Hela cells,
and this gene set was significantly up-regulated in the 11 Hela experi-
ments (P < 2.5 X 107°, Kolmogorov-Smirnov [KS] one-tailed test, stan-
dardized expression changes pooled for all 11 experiments). (C) For each
of the seven time points following miR-124 transfection in HepG2 cells,
the plot shows the significance level (—logqo P-value, Kolmogorov-
Smirnov one-tailed test) for down-regulation of miR-124 targets relative to
all expressed genes (blue line) and the UAUUUAU word correlation Z-score
in up-regulated genes (red line, numbers correspond to the rank of the
correlation score, N = 21 504 words).

could not be explained directly be expression changes of known
ARE-BPs after the miRNA transfections (see Supplemental material).

We also examined the ARE stability motif in five siRNA ex-
periments targeting MAPK14, PIK3CB, PRKCE, and two against
VHL (Jackson et al. 2006a,b). In 4/5 of the siRNA experiments, we
observed a significant (P<0.01, FDR < 0.19) enrichment of the ARE
stability motif in the 3’ UTR of genes that were up-regulated after
the siRNA transfection. Specific reports of the effects of scrambled
siRNAs support our more general finding: for instance, a scrambled
control siRNA caused a dose-dependent up-regulation of a gene,
SREBF1, in three different cell types (Vankoningsloo et al. 2008)
and our analysis shows that the 3’ UTR of this gene has significant
overrepresentation of the ARE stability motif (P < 0.02; Supple-
mental Table S5).

We analyzed a set of experiments designed to more directly
probe miRNA targeting using immunoprecipitation of epitope-
tagged Argonaute2 (AGO2, also known as EIF2C2) followed by
expression analysis of the mRNAs bound by AGO. This set of ex-
periments quantitatively profiled mRNA association with AGO
following transfection of miR-1 and miR-124 in HEK293T cells
(Hendrickson et al. 2008). Consistent with our other findings, we
found six words, including the ARE stability motif, containing the
sequence AUUUA among the top-500 words most negatively cor-
related with AGO2 association across both transfection experi-
ments (Supplemental Table S7), whereas no AUUUA words were
found in the top-500 words positively correlating with AGO2 as-
sociation (Supplemental Table S8). As in the HelLa transfections,
our results suggest that transfected miRNA target genes respond
oppositely, whereas endogenous miRNA targets respond corre-
spondingly (Khan et al. 2009), to changes in expression of genes
with the ARE stability motif.

Finally, we found that the expression changes of genes with
the ARE stability motif is temporally coupled to the response of
predicted direct targets. Figure 1D shows the highly correlated
enrichment of ARE motifs in up-regulated genes and predicted
miRNA targets in down-regulated genes at successive time points
after transfection with miR-124 mimic into HepG2 cells (data
from Wang and Wang 2006). Additionally supporting that the
observed correlation is not an artifact of HeLa cells, we analyzed
an additional data set measuring mRNA expression changes af-
ter miR-34a transfection in five different cancer cell lines (He
et al. 2007) and found significant enrichment of ARE motifs in
up-regulated genes in all five cell lines (FDR < 0.05 in each ex-
periment).

Two novel URMs associated with miRNA regulation

Two URMs, UUUUAAA (URM1) and UUUGUUU (URM2), had
strongest significant recurrent correlation with down-regulation
after miRNA (Table 2; Supplemental Table S4) and siRNA trans-
fections. In single experiments, the correlation for URM1 motifs
was sometimes of a magnitude almost equivalent to the seed site
of the transfected miRNA. Indeed, even the weakest single exper-
iment correlation was still highly significant (FDR < 1 X 1077;
see Supplemental material). This was further supported by a dif-
ferent statistical test, which found that genes with overrep-
resentation (P < 0.05) of URM1 were significantly down-regulated
compared with all genes without URM1 overrepresentation (P <
2.9 X 10~%, Kolmogorov-Smirnov one-tailed test, pooled data).
We also found that these two motifs were somewhat correlated
with up-regulation after miRNA transfections (Supplemental
Tables S1, S3), and this pattern was also supported by the siRNA
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transfection data (P < 0.01 in each experiment). Analysis of an
additional data set measuring mRNA expression changes after miR-
34a transfection in five different cancer cell lines (He et al. 2007)
found consistent significant enrichment of URM motifs in both
down- and up-regulated genes in all five cell lines (FDR < 0.05 in
each experiment).

These two motifs were recently identified as high affinity
binding sites for HuD (Bolognani et al. 2009), which is almost
exclusively expressed in neurons where it is involved in memory
and learning processes (Akamatsu et al. 2005). Further supporting
the association of these motifs with RNA protein binding, a set of
intronic URMs strikingly similar to the URM2 motif was recently
found to regulate alternative splicing via the TIA1/TIAL proteins
(Aznarez et al. 2008). It is unlikely that the HuD protein is medi-
ating regulation via these motifs in HeLa cells since HuD mRNA
expression cannot be detected in HeLa cells. The most likely ex-
planation is that other, more highly expressed RNA-BPs are bind-
ing the same motifs in these cells, now obviously a crucial area for
future experimental investigation.

ARE stability motifs attenuate destabilization mediated
by transfected miRNAs

Because genes enriched in ARE motifs responded oppositely
compared to direct targets of the transfected miRNA, we analyzed
the consequence of having both UAUUUAU overrepresentation
(P < 0.05) and target sites of a transfected miRNA. In the 11
HelLa transfection experiments, we found that genes with miRNA
target sites and ARE overrepresentation were significantly up-
regulated compared with those without ARE overrepresentation
P <13 x 1078, Kolmogorov-Smirnov one tailed test, pooled
data; Fig. 2A), and the same result was obtained when only con-
sidering conserved miRNA target sites (P < 4.1 X 107>). This re-
sult suggests that ARE stability motifs may to some extent ex-
plain why a significant proportion of predicted miRNA target
genes are not measurably destabilized after miRNA transfection
(see Fig. 3A).

URM motifs augment destabilization mediated
by transfected miRNAs

We analyzed the expression changes of the set of genes that have
both URM1 motif overrepresentation and sites for the transfected
miRNA. We found that genes that had both URM1 overrepre-
sentation and predicted miRNA target sites were significantly more
down-regulated than genes with predicted miRNA sites alone (P <
2.5 X 10~?, Kolmogorov-Smirnov one-tailed test, pooled data; Fig.
2C). The same analysis considering only conserved sites showed
a similar but weaker trend (P < 0.09). Although the two signals did
not co-occur more than expected in 3’ UTRs of top-300 down-
regulated mRNAs in each experiment (Fisher’s exact test), a differ-
ent more sensitive test revealed some evidence for cooperativity.
We tested whether the effects of the two signals are nonadditive (or
noncooperative) in genes where they do co-occur, using a pre-
viously published test for cooperativity of closely spaced miRNA
target sites (Grimson et al. 2007). We simulated expression changes
of genes having additive (noncooperative) occurrences of URM1
overrepresentation and transfected miRNA target sites (see Meth-
ods), and found that true genes having both signals were more
down-regulated than simulated genes (P< 1.2 X 10~¢, Kolmogorov-
Smirnov one-tailed test, pooled data; see Supplemental material).
This indicates that miRNA target sites and URM1 motifs work co-
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Figure 2. ARE and URM motifs affect miRNA mediated repression. (A)
Expression changes for the 11 HeLA miRNA transfection experiments were
standardized and pooled. ARE genes are defined as genes with UAUUUAU
overrepresentation at the P < 0.05 level. miRNA target genes are genes with
a target site of the transfected miRNA in the given experiments. The plot
shows that miRNA target genes with ARE stability motifs were significantly
up-regulated compared with miRNA targets without ARE motifs (P< 1.3 X
1078, Kolmogorov-Smirnov one-tailed test, pooled data). (B) The same
analysis was carried out for endogenous miRNA target genes. Endogenous
miRNA target genes are defined as genes with predicted conserved target
sites for an endogenous miRNA and no target sites for the transfected
miRNA mimic in the individual experiment. Endogenous miRNA target
genes with ARE stability motifs were significantly up-regulated compared
with endogenous miRNA targets without ARE motifs (P < 9.1 X 10713,
Kolmogorov-Smirnov one-tailed test). (C) Similar to A, but using genes with
URMT1 motif overrepresentation. miRNA target genes with URM1 over-
representation were significantly down-regulated compared with genes
with miRNA target sites alone (P < 2.5 X 1079, Kolmogorov-Smirnov one-
tailed test).

operatively inside 3’ UTRs when they do co-occur (Fig. 3A). Over-
all, these results suggest that URM1 motifs augment miRNA-
mediated destabilization after small RNA transfection and that this
motif could be used to improve computational miRNA and siRNA
target prediction.

URM and ARE stability motifs are significantly enriched
in 3’ UTRs bound by Argonaute in HEK293 cells

We then tested whether ARE and URM motifs are enriched in genes
that are bound to Argonaute in HEK293 cells, using data produced
using the PAR-CLIP method (Hafner et al. 2010). The PAR-CLIP
method is a new technology that involves crosslinking and im-
munoprecipitation of epitope tagged Argonaute 1-4 (AGO) (also
known as EIF2C1-EIF2C4) to directly sequence mRNA regions
bound endogenously by AGO and plausibly under miRNA regu-
lation. We first investigated enrichment of all 7-mer words in the
corresponding full-length sequence of 3" UTRs bound by AGO (see
Methods). The words most significantly enriched in bound relative
to nonbound 3" UTRs were almost all variants of the two URM
motifs (Z-score > 40, P = 0, two-tailed, Bonferroni correction; Table
3). We also found significant enrichment of the ARE motif at a level
comparable to target sites of individual miRNAs expressed at highest
levels in HEK293 cells (P < 4.8 X 10~ '!%; Table 3).
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regulation with URM motifs in addition to transfected target sites. Down-regulation is multiplicative, suggesting a synergistic mechanism of URM1 and
transfected target sites. (B) Endogenous miRNA targets are more up-regulated after miRNA transfection if they also have ARE stability motifs. Up-regulation
mediated by endogenous target sites and ARE motifs is multiplicative when they co-occur in a 3’ UTR, suggesting a synergistic mechanism.

We investigated motif enrichment in the cross-linked regions
of the 3’ UTRs bound by AGO. Not surprisingly the words most
significantly enriched in the cross-linked AGO binding regions all
corresponded to predicted seed target sites of highly expressed
miRNAs (P = 0, dinucleotide background model). However, we did
also observe a more modest enrichment of URM1 and ARE motifs
(P<3.1x 1073 and P < 2.6 X 10715, respectively; Supplemental
material). In the 2679 genes bound by AGO, there was also sig-
nificant co-occurrence of genes with target sites of the top three
expressed endogenous miRNAs (miR-15/16, miR-17/93, miR-19)
and the URM and ARE motifs (P < 2.35 X 1022 for each motif,
Fisher’s exact, two-tailed). Eighty-four percent of the AGO bound
predicted endogenous miRNA target genes also have URM motifs,
and 54% of the genes have both URM1 and URM2 motifs, com-
pared with 62% and 31%, respectively, for the nonbound predicted

target genes. We analyzed if there were any local spatial biases be-
tween predicted miRNA target sites and either of the URM and ARE
motifs in the AGO bound 3’ UTRs, and found a significant enrich-
ment of URM1 motifs ~50 nt upstream of endogenous miRNA target
sites (Supplemental material). In summary, we found strong en-
richment of both ARE and URM motifs in the 3’ UTRs of AGO bound
mRNAs and additionally some enrichment in the actual sequences
cross-linked to Argonaute. Overall, these results raise the possibility
of cooperative binding of RNA-BP with AGO in these cells.

Endogenous miRNA target genes are more up-regulated
if they contain ARE stability motifs

Transfection of small RNAs impairs the normal regulation by en-
dogenous miRNAs in a cell (Khan et al. 2009). Not surprisingly,

Table 3. Words enriched in 3’ UTRs bound by Argonaute in HEK293 cells

Observed Expected
Rank Word Z-score occurrences occurrences P-value Annotation
1 UUUUUAA 56.13 4263 1735 = 45.0 0 URM1
2 UUUUAAA 55.15 4456 1825 + 47.7 0 URM1
3 UUUAAAA 54.18 4066 1658 * 44.4 0 URM1
4 UUUUUUA 50.51 3345 1344 * 39.6 0 URM1
5 AUUUUUU 48.93 3624 1484 + 43.7 0
6 UAUUUUU 46.27 3665 1591 + 44.8 0
7 UUUUUGU 45.25 2836 1115 = 38.0 0 URM2
8 UUAUUUU 45.07 3419 1489 + 42.8 0
9 CUUUUUU 43.97 2690 1077 = 36.7 0
10 AUUUUUA 43.67 2879 1239 = 37.5 0
18 UUUGUUU 41.90 3331 1346 + 47.4 0 URM2
204 GCACUUU 27.91 975 399 * 20.6 3.3 x107'¢7 miR-17/20a/93/106b
455 UAUUUAU 23.12 1702 875 + 35.7 4.8 x 10711 ARE
780 UUUGCAC 20.56 582 250 = 16.1 1.0 x 107% miR-19a/19b
883 UGCUGCU 19.87 962 480 *+ 24.2 1.2x 1078 miR-15a/15b/16

Enrichment of words (7-mers) in 3’ UTRs of the 2679 genes bound by Argonaute in HEK293 cells (PAR-CLIP data from Hafner et al. 2010). Expected word
occurrences were estimated from nonbound 3’ UTRs having length and nucleotide composition matching the bound 3’ UTRs (reported values are mean +
SD; see Methods). Two-tailed Bonferroni corrected P-values are estimated from the Z-scores. Many URM motifs are found among the top enriched words
and significantly enriched words outside top-20 include the ARE motif and 7-mer seed sites of the miRNAs expressed at highest levels in HEK293 cells (four

last rows).
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we find that many 7-mer words overrepresented in 3" UTRs of
up-regulated genes after miRNA transfection correspond to seed
sites of miRNAs highly expressed in HeLa cells. Words corre-
sponding to the top-10 expressed miRNA seed sequences in HeLa
cells (aggregated from expression of individual miRNAs) rank sig-
nificantly higher than all other miRNA seed sites (P < 4.0 X 1077,
Wilcoxon rank-sum one-tailed test). For example, we found the
seed sites of the highly expressed miR-17/93 (GCACUUU), miR-30
(UGUUUAC), miR-15/16 (UGCUGCU), and let-7 (CUACUUC)
ranked third, 31st, 34th, and 88th among all 7-mer words
(UAUUUAU ranking first).

Since genes enriched in ARE motifs and endogenous miRNA
targets responded in the same direction, we wanted to investigate
the relationship between the two signals. We found genes that
contained both a predicted endogenous miRNA target site (from
the top-10 expressed HeLa miRNA seed sites) and ARE motif over-
representation, were significantly up-regulated compared with
changes in expression of endogenous miRNA targets without
the ARE motif overrepresentation (P < 1.3 X 10~®, Kolmogorov-
Smirnov one-tailed test, pooled data; Fig. 2B). This suggests that
ARE motifs have a stabilizing effect on endogenous miRNA targets
after small RNA transfection.

We analyzed co-occurrence of genes with ARE motif over-
representation and endogenous miRNA target genes (one or more
conserved sites) in HeLa cells, but found no significant overlap of
the two gene sets in the top 300 up-regulated genes (Fisher’s exact
two-tailed test). We then tested whether the effects of the two
signals are synergistic (nonadditive) in genes where they do co-
occur. We simulated expression changes of genes having additive
(noncooperative) occurrences of ARE overrepresentation and en-
dogenous miRNA target sites (see Methods), and found that genes
having both ARE overrepresentation and endogenous miRNA tar-
get sites were more up-regulated than simulated genes (P < 1.1 X
103, Kolmogorov-Smirnov one-tailed test, pooled data; see Sup-
plemental material). Intriguingly, this result indicates that en-
dogenous miRNA target sites and ARE motifs work cooperatively
inside 3' UTRs when they do co-occur (Fig. 3B).

The functional consequences of ARE and URM motifs
after miRNA transfections

Consistent with literature (Barreau et al. 2005; Stoecklin and
Anderson 2006), gene set enrichment analysis (GSEA) found that
genes with ARE motif overrepresentation are enriched for in-
flammatory pathways (see Fig. 4A; see Methods; Supplemental
Table S12). However, over and above that we found that both up-
regulated genes and genes with ARE motif overrepresentation were
significantly enriched for genes involved in cytokine-cytokine re-
ceptor interaction (see Fig. 4B; see Methods; Supplemental Table
$15). This gene set is manually curated and includes genes such as
interleukin 15 receptor alpha (IL15RA), ACVR2B, ACVRIB, and
lymphotoxin beta receptor (LTBR), which all have one to three
occurrences of the ARE stability motif in their 3' UTRs. Notably,
over 70% of these genes contain predicted target sites for miRNAs
highly expressed in HeLa cells where predicted target sites are de-
fined by conserved miRanda sites, 11/ 14 genes (John et al. 2004),
or a conserved seed site, 10/14 (Friedman et al. 2008).This result
indicates that the cytokine—cytokine receptor interaction pathway
is enriched for functional ARE motifs and that up-regulation of
these genes may have profound consequences for the cell after
small RNA transfection. Since short double-stranded RNAs can
cause an immune response (Robbins et al. 2008, 2009), we cannot
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Figure 4. Functional consequences of ARE and URM motifs after miRNA
transfections in Hela cells, (A) Gene set enrichment analysis (GSEA)
showing that genes with ARE motif overrepresentation are enriched for
inflammatory pathways (INFLAMPATHWAY). (B) Genes up-regulated after
miRNA transfections were enriched for cytokine-cytokine receptor in-
teraction (HSA04060_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION).
(C) Genes with overrepresentation of the URM1 motif were enriched for
a manually curated gene set (CHESLER_HIGHEST_FOLD_RANGE_GENES)
of neurologically relevant transcripts with high fold range between mouse
inbred strains. (D) Genes down-regulated after miRNA transfections were
also enriched for this gene set.

rule out that the perturbed ARE motif is a secondary effect of a
general immune response after transfection of miRNA mimics or
antagonists (as discussed in the next section). However, we found
no mRNAs consistently differentially regulated across most of the
experiments, like one might expect from a general immune re-
sponse (Supplemental material).

We used the same approach to identify gene sets enriched for
genes with overrepresentation of the URM1 motif (Supplemental
Table S13). The gene set with strongest enrichment was a manually
curated gene set consisting of 50 neurologically relevant tran-
scripts with high fold range among different mouse inbred strains
(Fig. 4C; Chesler et al. 2005). This result is in accordance with the
fact that HuD is an important in neuronal regulator (Akamatsu
et al. 2005). This gene set was also significantly enriched for genes
down-regulated after miRNA transfections in HeLa cells (Supple-
mental Table S15) and include genes such as lin-7 homolog
C (LIN7C), protein phosphatase 1 catalytic subunit (PPI1CB), and
cysteine and glycine-rich proteins (CSRP1/CSRP2) (Fig. 4D).

Inhibition of endogenous miRNAs perturbs genes with ARE
and URM motifs

We also tested whether genes with ARE or URM motifs change in
gene expression after miRNA inhibition: inhibition of miR-16
and miR-106b in HeLa cells (Linsley et al. 2007) and inhibition of
miR-21 in MCF7 cells (Frankel et al. 2007). Our results show a
strong enrichment of the ARE stability motif (UAUUUAU rank
fifth; Supplemental Table S9) in genes that are up-regulated fol-
lowing inhibition of an endogenous miRNA in three experiments.

Genome Research 1015

www.genome.org



Jacobsen et al.

Variants of both URM motifs were also found among the top
motifs correlated with up-regulation after miRNA inhibition
(Supplemental Table §9), and no enrichment was found in down-
regulated genes. After inhibition of miR-21, URM1 had the second
strongest enrichment in up-regulated genes (FDR < 1 X 1077) after
the 7-mer miR-21 seed site.

Inhibition of miR-34a in senescent TIG3 fibroblast cells
(Christoffersen et al. 2009) had a notably different correlation of
the ARE stability motif: It is the motif most correlated with down-
regulation (FDR < 1 X 10~7; Supplemental Table S11). Recent work
by Vasudevan et al. (2007) has shown that miRNA transfections in
growth-arrested cells can cause ARE-mediated up-regulation of the
direct transfected miRNA targets. We speculate that AREs have
a general stabilizing role in this cellular state that is perturbed
after miRNA inhibition. Neither of the HuD motifs was among
the words most correlated with up-regulation after inhibition of
miR-34a, potentially due to an unusual modest inhibitory effect of
miR-34a in this experiment (7-mer seed site has rank 153 in up-
regulated mRNAs).

Overall, we found based on a limited number of miRNA in-
hibition experiments that genes up-regulated after both miRNA
transfections and inhibitions (three out of four experiments) have
strong enrichment of ARE stability motifs, and that this associa-
tion may be reversed when cells are growth-arrested. Conversely,
URM motifs were consistently enriched together with the directly
perturbed miRNA targets: enriched in down-regulated genes after
transfection and up-regulated genes after inhibition.

Summary

There are many hundreds, if not thousands, of RNA-BPs for which
the precise regulatory functions are unknown, and it is plausible
that many of these bind mRNAs via sequence motifs to cooperate
with or antagonize miRNA/siRNA regulation. We tested the pos-
sibility that there are sequence motifs that are universally associ-
ated with small RNA regulation by systematically searching for
significant recurrent sequence signatures across several small RNA
perturbation experiments. As expected, our unbiased search re-
vealed significant motifs corresponding to seed sites of the small
transfected miRNA in each individual experiment, and in addition,
our results confirm the finding in a recent study showing impaired
endogenous miRNA targeting allegedly mediated through satura-
tion of RISC (Khan et al. 2009). However, more surprisingly, we
find other sequence motifs in 3’ UTRs that recurrently correlate
with expression changes induced by different miRNA trans-
fections. First, we find that the well-studied ARE motif is highly
overrepresented in up-regulated genes after small RNA perturba-
tions in HeLa cells and impacts the effectiveness of RNAi in a range
of other experiments covering eight different cell types: Argonaute
immunoprecipitation (Hendrickson et al. 2008), selected siRNA
perturbations (Jackson et al. 2006a,b), temporal studies of small
RNA overexpression (Wang and Wang 2006), miR-34a transfection
in five different cell lines (He et al. 2007), and miRNA inhibition
(Frankel et al. 2007; Linsley et al. 2007; Christoffersen et al. 2009).

Readers may be surprised that AREs are most strongly associ-
ated with wup-regulated genes after miRNA overexpression. One
possible model for this observation could be simply that AREs are
associated with endogenous miRNA sites, and we know that genes
controlled by endogenous miRNAs are derepressed after small RNA
overexpression potentially through competition for RISC (Khan
et al. 2009). Supporting this model, we find that AREs are signifi-
cantly enriched in 3’ UTRs bound by AGO in HEK293 cells and

show significant synergism with endogenous miRNA sites in up-
regulation of mRNAs after transfections (Fig. 3B). Furthermore, the
absence of ARE motif enrichment in down-regulated mRNAs after
miRNA transfections suggests that bona fide endogenous miRNA
targets may have features that are different from targets of a
transfected miRNA mimic. This contrast has implications for ex-
perimental approaches to target prediction; it suggests that miRNA
targeting rules obtained from overexpression may be biased and
that targets learned from miRNA inhibition or Argonaute immu-
noprecipitation may have more predictive value. Overall, our re-
sult supports that ARE and miRNA mediated regulation are inter-
linked to regulate the mRNA degradation rate, and is consistent
with recent work that found significant overrepresentation of ARE
genes in up-regulated mRNAs following Agol knockout in Dro-
sophila S2 cells (Hong et al. 2009).

The second major result we present is the discovery of two
URMs, recently discovered as binding sites for the neuronal
expressed RNA-BP HuD, which are coupled to miRNA regulation.
These motifs are highly enriched in 3" UTRs of both down- and up-
regulated mRNAs after miRNA and siRNA transfections. Further-
more, the two motifs are the top significantly enriched words,
above individual endogenous miRNA seed sites, in 3’ UTRs bound
by AGO in HEK293 cells. These results suggest that both target sites
of transfected miRNA mimics and endogenous miRNAs are more
efficient when they occur in 3" UTRs with signatures of URM
motifs, potentially a very important practical finding for quanti-
tative mi/siRNA target prediction.

In summary, this study provides a resource for the growing
field of mRNA regulation by discovering a set of highly signifi-
cant sequence signatures recurrently associated with expression
changes mediated by experimental small RNA perturbations. More
importantly, the study shows several lines of independent evi-
dence that there may be binding signatures of RNA-BPs that work
both synergistically and antagonistically to externally driven
RNAI. In addition, the direct measurements of AGO bound mRNAs
suggest that this is true also for physiological targeting by cellular
miRNAs. Our results should motivate focused experiments and
have profound consequences for miRNA target prediction, siRNA
design, and development of therapeutic small RNAs.

Methods

Experimental and sequence data

Microarray expression data sets were obtained from the NCBI Gene
Expression Omnibus: 11 different miRNA transfections in Hela
cells measured 24 h after transfection (accession nos. GSE2075 and
GSE8501) (Lim et al. 2005; Grimson et al. 2007), miR-124 trans-
fection time-series in HepG2 cells (accession no. GSE6207) (Wang
and Wang 2006), and miR-16/106b inhibition in HeLa cells (ac-
cession no. GSE6838) (Linsley et al. 2007). Data from miR-21
inhibition in MCF7 cells were obtained from the corresponding
investigators (Frankel et al. 2007). Data for the Argonaute 2 asso-
ciation analysis were obtained from the supplementary material of
the original article (Hendrickson et al. 2008). Data for the analysis
of crosslinked Argonaute bound (AGO1-4) regions in HEK293 cells
were obtained from the supplementary material of the original
article (Hafner et al. 2010). Microarray data from miR-34a in-
hibition in senescent TIG3 fibroblast cells (Christoffersen et al.
2009) were obtained from ArrayExpress (accession no. E-MEXP-
2241). We used the log-transformed mRNA expression ratios and
P-values calculated by the groups behind the original data sets.
Only transcripts expressed above the median expression level in
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the given experiment were included in the analysis. When ex-
periments were pooled, we transformed the expression changes to
Z-scores of mean 0 and standard deviation 1.

3’ UTR sequences were obtained from Ensembl (version 49).
When genes were annotated with multiple transcription units
and UTR sequences, we used the longest UTR sequence given for
each gene. Mature miRNA sequences were obtained from miRBase
(version 11.0) (Griffiths-Jones et al. 2007). miRNA expression in-
formation was obtained from the mammalian miRNA expression
atlas (Landgraf et al. 2007). The following cell line identifiers
were used for HeLa, HepG2, and HEK293 cells, respectively: hsa_
Cervix-HeLa-adh, hsa_Hepatoma-HepG2, and hsa_Kidney-embryo-
HEK293.

Prediction of miRNA target sites

miRNA target sites were defined as 7-mers complementary to bases
2-8 of the miRNA or complementary to bases 2-7 of the miRNA
followed by an adenosine. Conserved miRNA target sites were
obtained from TargetScan (http://www.targetscan.org, release 5.1).

Finding overrepresented words in a ranked list of sequences

We used a nonparametric statistical framework for scoring and
ranking words based on their overrepresentation in a ranked list of
sequences. While the overall method is new, the different parts are
inspired by previous work (Farh et al. 2005; Subramanian et al.
2005; Sood et al. 2006; Cheng and Li 2008; van Dongen et al.
2008). By ordering the 3’ UTR sequences by mRNA expression
change as observed in a miRNA transfection experiment, the
method statistically quantifies the extent that a word is imbal-
anced and more frequently overrepresented in the extremity of the
list. The procedure does not assume a general form (i.e., linear) for
the correlation between word occurrences and mRNA expression
change. Length and AU-content of 3’ UTR sequences are properties
that relate to word occurrences. Because these two properties are
generally also dependent on mRNA expression changes in a
miRNA transfection experiment (please refer to section on 3’ UTR
length in Supplemental material and a discussion of AU-content
by Elkon and Agami 2008), we quantify word occurrences in
a particular sequence relative to shuffled sequences. Our correla-
tion measure should therefore not be affected by a systematic bias
in AU-content or 3’ UTR length of up or down regulated genes.

For a given sequence and word, we estimate a P-value for the
null hypothesis that the number of observed word occurrences k
can be explained by the length and nucleotide composition of the
sequence. The null distribution of word occurrences P(k) is esti-
mated from 5000 mononucleotide permutations of the original
sequence (it is straight-forward to also correct for di- or tri-nucle-
otide composition) (see Supplemental material). The P-value,
converted into a log-odds score, can be directly estimated by s =
—logio[N(k) + 1]/[5000 + 1], where N(k) is the number of shuffles
where the word occurred m times or more. We add 1 as a crude
correction for sampling uncertainty and to avoid log(0).

The following part of the statistical assessment is almost
identical to the method described by Cheng and Li (2008). The two
key differences are that we choose not to weigh the word over-
representation scores by log expression changes and that we ask if
the word overrepresentation correlates with expression change
separately in up- and down-regulated genes.

Given a ranked list of sequences, {x;...x,}, and the corre-
sponding overrepresentation scores {s,1...s;,} for a word, w;, we
can determine if the scores are distributed nonuniformly according
to the ranking {x;...x,} using a running sum statistic represented
by the sequence of mean-adjusted cumulated scores 7;,,:

_ < _ -Sii
Tim=Tim-1+Sim —S/‘,O Sm= l’l,l’,‘vo=075=%

Dj=arg max |77.m]-

r,m is a sequence starting and ending in zero, and overrepre-
sentation of high scores near the ends of the list {s;,;...S;,} can be
quantified by the element D; in the list with greatest absolute
value. This approach resembles the Kolmogorov-Smirnov test sta-
tistic measuring the largest horizontal distance between two cu-
mulative distribution functions. We cannot directly compare
D-values obtained for different words because the score distribu-
tions for each word can be quite different. By estimating the D; null
distribution for a given word, {PDj,;. .. PDj,500}, from 500 permu-
tations of {s;,1...S;,}, we calculate a normalized word overrep-
resentation correlations score, WS;, that allows us to compare
correlation scores for different words:

Dj — u({|PDj1] ... |PDjs00|})
U'({lpD/',l ‘ cen |PD/',500‘}) ‘

WS; —

Ranking by absolute expression change, we can now score and
rank words based on their overrepresentation in 3’ UTRs of down-
or up-regulated genes by analyzing the two ranked list of genes
with expression change less than zero or greater than zero, re-
spectively. There are two reasons why we query the positive and
negative expression changes separately instead of using the full list
of genes: (1) for each word, we obtain a score for both up- and
down-regulation (words could have bimodal overrepresentation,
in both down- and up-regulated genes); and (2) using the full list of
genes, some words produce high WS scores even though they are
mostly enriched in nonregulated genes (taking up the middle of
the list)—we minimize this problem by isolating nonregulated
genes in the ends of the two separate lists. In relation to the sec-
ond reason, other methods deal with this problem by using ob-
served expression change as weights for the scores in the list
(Subramanian et al. 2005; Cheng and Li 2008), but we find that our
direct approach performs well.

Assessing recurrent word overrepresentation
across experiments

The overrepresentation score WS and corresponding rank (ad-
justed for ties) of a given word in a given experiment is computed
for all words (5-, 6-, and 7-mers, 21,504 words in total) in all ex-
periments. To identify words that are recurrently correlated with
up- or down-regulation across a set of experiments, we construct
aword rank matrix with a column for each experiment. We use the
mean word rank across the experiments as a measure for recurrent
overrepresentation and evaluate the false discovery rate of a given
mean word rank using 10,000 permutations of the rank matrix
(using the R RankProd package) (Breitling et al. 2004; Hong et al.
2006).

Clustering of words into motifs

Motifs were computed separately from words overrepresented in
up- or down-regulated genes following the 11 HeLa miRNA
transfections. We conservatively estimate motifs by assuming that
the most important motifs generate at least one word occurrence
in the top-25 list of overrepresented words, and at least three oc-
currences in top-200 (all words in top-200 have a FDR < 0.001).
Our clustering procedure is as follows: words in top-25 are single-
linkage clustered, grouping word X with word Y, if (1) their overlap
is at least 4 nt and contains at least two different nucleotides and
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(2) no other words in top-25 have a greater overlap with X. These
initial clusters are extended by aligning the remaining words in
top-200 to each cluster, requiring an overlap of at least 5 nt con-
taining two different nucleotides. The resulting motifs are now
defined as all clusters of size three or more.

Evaluating word overrepresentation in 3’ UTRs bound
by Argonaute in HEK293 cells

We analyzed the data from a recent study using immunopur-
ification of Flag-HA tagged Argonaute 1-4 (AGO) to sequence
cross-linked bound RNA fragments in HEK293 cells (Hafner et al.
2010). We used the 2679 AGO bound 3’ UTRs (having at least one
reported cross-linked AGO bound region) and evaluated over-
representation of all 7-mers in these sequences relative to non-
bound 3’ UTRs. Overrepresentation was measured using a Z-score
statistic comparing observed occurrences in bound 3" UTRs to the
distribution of expected word occurrences estimated by randomly
sampling 1000 cohorts of nonbound 3’ UTRs having length and
nucleotide composition matching the bound 3" UTRs.

Functional analysis of motifs using GSEA

In one analysis, the 4621 genes with occurrences of UAUUUAU in
the 3’ UTR were sorted by their UAUUUAU overrepresentation
P-value. This sorted gene list was evaluated for gene set enrichment
using GSEA (parameters: 1000 permutations, MSigDB gene sets c2
[curated gene sets] and ¢5 [GO gene sets], classical nonweighted
scoring scheme) (Subramanian et al. 2005). The same analysis was
carried out for the URM1 motif. In another analysis, genes were
sorted by their median expression change across all eleven HeLa
miRNA transfections, and GSEA was used to identify gene sets
correlating with expression change (parameters: 1000 permuta-
tions, MSigDB gene sets c2 [curated gene sets] and ¢5 [GO gene
sets], weighted scoring scheme).

Assessing cooperativity of motifs and miRNA target sites

We simulated expression changes of genes having noncooperative
occurrences of ARE-motif overrepresentation (P < 0.05) and en-
dogenous miRNA target sites (a similar approach was used to
simulate expression changes of noncooperative occurrences of
URM1 and transfected miRNA target sites). The test closely follows
a previously published test for cooperativity of closely spaced
miRNA target sites (Grimson et al. 2007). We defined three disjoint
gene sets: Setl, genes with ARE-motif overrepresentation but
without endogenous miRNA target sites (one or more conserved
site); Set2, genes with endogenous miRNA target sites but without
ARE-motif overrepresentation; and Set3, genes with endogenous
miRNA target sites and with ARE-motif overrepresentation. We
sampled expression changes from Setl and Set2 and simulated
noncooperative co-occurrences by summing their log expression
changes, and this procedure was repeated 100 times for each gene
in Set3. To accommodate for the greater variance of the simulated
compounded distribution (due to microarray measurement noise),
the expression change of each gene in Set3 was summed with the
expression change from a randomly selected gene.
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