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Fragile X syndrome, a common cause of intellectual disability and a well-known cause of autism spectrum
disorder, is the result of loss or dysfunction of fragile X mental retardation protein (FMRP), a highly selective
RNA-binding protein and translation regulator. A major research priority has been the identification of the
mRNA targets of FMRP, particularly as recent studies suggest an excess of FMRP targets among genes impli-
cated in idiopathic autism and schizophrenia. Several large-scale studies have attempted to identify mRNAs
bound by FMRP through several methods, each generating a list of putative target genes, leading to distinct hy-
potheses by which FMRP recognizes its targets; namely, by RNA structure or sequence. However, no in depth
analyses have been performed to identify the level of consensus among the studies. Here, we analyze four
large FMRP target datasets to generate high-confidence consensus lists, and examine all datasets for sequence
elements within the target RNAs to validate reported FMRP binding motifs (GACR, ACUK and WGGA). We found
GACRto behighlyenriched inFMRP datasets,whileACUK wasnot. The WGGA patternwas modestly enriched in
several, but not all datasets. The previous association between FMRP and G-quadruplexes prompted the ana-
lysis of the distribution of WGGA in the target genes. Consistent with the requirements for G-quadruplex forma-
tion, we observed highly clustered WGGA motifs in FMRP targets compared with other genes, implicating both
RNA structure and sequence in the recognition motif of FMRP. In addition, we generate a list of the top 40 FMRP
targets associated with FXS-related phenotypes.

INTRODUCTION

Fragile X syndrome [FXS (MIM 300624)] is the most common
cause of inherited intellectual disability in males and is caused
by the absence or dysfunction of the fragile X mental retard-
ation protein (FMRP). In the vast majority of cases, the
loss of FMRP is due to a CGG repeat expansion in the 5′UTR
of FMR1, the gene encoding FMRP (1). When the allele
expands to .200 repeats, known as the full mutation, an epi-
genetic event is triggered where the promoter of FMR1 and
flanking regions become heavily methylated, silencing FMR1
expression (2). FXS affects �1 in 5000 males and patients
display cognitive impairment with variable severity (3). In
addition to intellectual disability, FXS patients often exhibit

behaviors associated with autism spectrum disorders (ASDs),
making FMR1 the most prevalent monogenic cause of ASD
known to date.

The main function of FMRP appears to be the selective binding
of mRNA transcripts via one of its two KH-type domains or
arginine-glycine rich domain (RGG box) and to regulate their
translation in an activity-dependent manner, playing a critical
role in the modulation of synaptic plasticity by local protein syn-
thesis. It has been estimated that FMRP recognizes perhaps 4%
of the mRNAs in the mammalian brain (4,5) and substantial
efforts have been made to determine their identities to help
define pathways affected by the absence of the protein. Another
major reason for classifying these target genes is the emerging
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correlation between FMRP targets genes and neuropsychiatric
diseases such as autism and schizophrenia (6–8). Given this rela-
tionship, identification of authentic FMRP targets could be
extremely useful in studying the molecular mechanisms under-
lying these diseases.

For over a decade, studies have attempted to characterize the
targets of FMRP using several methods including RNA immuno-
precipitation followed by microarray interrogation (RIP-Chip)
(5,9), crosslinking immunoprecipitation (CLIP) followed by
high-throughput sequencing (9,10), in vitro RNA selection
(11), and antibody positioned RNA amplification in cultured
neurons (12). Despite these many and varied efforts, only a
handful of mRNA targets have a validated association with
FMRP (13,14). All of these studies have generated a list of puta-
tive FMRP-associated transcripts, though a thorough investiga-
tion of the level of overlap between studies has not been
performed.

In addition to identifying the mRNA targets, substantial effort
has been put forth to determine the binding elements recognized
by FMRP within these ligands. One of the most well documented
RNA elements mediating FMRP interaction is the G-quadruplex
(11,15–18), a secondary structure comprised of two to four
stacked guanine tetrads in a planar conformation (19). With
regard to linear sequence recognition motifs, FMRP has been
reported to bind U-rich sequences by cDNA-SELEX and yeast
three hybrid experiments (20,21). More recently, two studies
have determined recognition sequences of FMRP by immuno-
precipitation of the protein and analysis of bound RNAs
(9,22). Ascano et al. discovered two sequences, ACUK (K ¼
G or U) and WGGA (W ¼ A or U), to be enriched in FMRP
targets using an in vivo CLIP approach, whereas Ray et al.,
using the KH domains of FMRP in an in vitro approach, detected
a seven nucleotide consensus sequence with a highly conserved
GAC core that does not correspond to the findings of Ascano
et al. The incongruous sequences derived by these two studies
highlight the need for further investigation of FMRP recognition
elements.

Here, we describe an analysis of the four largest FMRP target
studies available (5,9,10,12) in an effort to identify a set of con-
sensus transcripts most highly and reproducibly associated
with FMRP. We found that most datasets overlap very signifi-
cantly with each other, but not perfectly, indicating that
although each method used in these studies is likely effective
in identifying FMRP targets to a certain extent, variation
exists due to the assays, downstream analyses and the biologic-
al material utilized. We discovered that the consensus genes of
all studies are highly enriched for autism susceptibility and in-
tellectual disability genes, supporting them as high-confidence
targets of FMRP. We also explored each dataset for information
about potential FMRP recognition sites within the RNA targets.
We found no evidence of enrichment for the ACUK pattern in
the FMRP targets of any dataset except that of the data from
which it was derived. Conversely, we found a high level of en-
richment of GACR and GACARG in FMRP targets, supporting
the in vitro consensus generated by Ray et al. and implicating
these sequences as KH domain specific recognition motifs.
We also detected a modest excess of WGGA sequences in
several gene sets, suggesting the sequence may be part of a rec-
ognition motif of FMRP. We demonstrate that the WGGA
sequences in FMRP targets are highly clustered and propose

that the formation of G-quadruplex structures by this sequence
serve as FMRP binding sites, resolving the mechanism of
mRNA recognition by FMRP as being governed by structure
and sequence.

RESULTS

Inter-study concordance of genes identified as FMRP targets

We analyzed five FMRP target sets from four published studies
(Ascano et al. performed RIP-Chip in addition to PAR-CLIP to
validate and rank FMRP targets) to evaluate the concordance of
putative FMRP targets between each study and identify genes
that are most reproducibly associated with FMRP. First, we
examined these five datasets (Ascano-PAR, Ascano-RIP,
Brown, Darnell and Miyashiro; experimental summaries are out-
lined in Supplementary Material, Table S1) to determine the
genes in common between each in a pairwise manner. We
found that four of the five overlapped to a very high degree,
with Fisher’s Exact P-values ranging from 6.2 × 10223 to
1.3 × 102137. The Miyashiro gene set did not overlap signifi-
cantly with any set except for Ascano-PAR, where the Fisher’s
Exact P-value was much less impressive than any of the other
comparisons (P ¼ 0.01). Due to the lack of concordance and
the comparatively fewer genes identified, we excluded the Miya-
shiro et al. dataset from the rest of the text, though the analysis of
this dataset was performed and results are provided in Supple-
mentary Material, Table S2.

Using the Brown, Darnell and Ascano-PAR datasets, we
found 183 overlapping genes between Brown and Darnell
(Fisher’s Exact P-value ¼ 1.34 × 102137; permutation P-value
,1 × 1026), 251 between Brown and Ascano-PAR (Fisher’s
Exact test P-value ¼ 6.21 × 10223; permutation P-value
,1 × 1026) and 520 between Darnell and Ascano-PAR
(Fisher’s Exact P-value ¼ 1.45 × 10241; permutation P-value
,1 × 1026). To put these statistical results in context, a
Fisher’s Exact P-value of 102137 indicates that if we assessed
the level of overlap in two randomly generated gene sets, the
likelihood that we would detect the amount of overlap observed
in the FMRP datasets is 1 in 10137. The permutation P-value mea-
sures the number of times a permuted dataset, comprised of many
randomly selected gene sets, exceeds the amount of overlap in
the FMRP datasets. Thus, a permutation P-value of ,1 ×
1026 indicates that of 1 000 000 random gene set comparisons,
not once were there more overlapping genes than the FMRP
target sets, revealing a very high level of correlation far beyond
that of random chance.

Performing the same overlap analysis with the Ascano-RIP set
yielded 87 genes common between Brown and Ascano-RIP
(Fisher’s Exact P-value ¼ 1.35 × 10230) and 178 genes
common between Darnell and Ascano-RIP (Fisher’s Exact
P-value ¼ 1.92 × 10260; Supplementary Material, Table S3A).
Though all comparisons are very highly correlated, in each
case the degree of overlap improved by several orders of magni-
tude with all comparisons using the Ascano-RIP validated set of
genes compared with the PAR-CLIP data.

Next, we examined the level of three-way overlap between the
Brown, Darnell and Ascano-PAR datasets and found 135 genes
that were present in all three studies (permutation P-value ,1 ×
1026; Fig. 1). By comparing the Ascano-RIP, Brown and Darnell
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FMRP targets, we discovered 53 common genes between
all three datasets (permutation P-value ,1 × 1026; Fig. 1).
To emphasize the high level of concordance between these data-
sets, we also found that each pairing was still significantly over-
lapping even while excluding the genes from the 3-way overlaps,
with the Brown and Darnell sets being the most concordant
(Supplementary Material, Table S3B).

Altogether, these analyses reveal an extremely high level of
FMRP target concordance between each study, albeit to a
lower degree in the Ascano datasets, and identifies 53 mRNA
targets as having the most reproducible association with
FMRP as determined by multiple laboratories and methods.
The consensus lists from each comparison are available in the
online Supplementary Materials.

Analysis of putative FMRP recognition elements

Two sequence motifs, ACUK and WGGA, have recently been
proposed as FMRP recognition elements in mRNA targets (9).
We sought to validate this finding by analyzing the Brown and
Darnell datasets for these sequence patterns, in addition to the
Ascano datasets from which these sequences were derived.
First, to establish a baseline distribution of the patterns in the
expressed regions of the genome, we examined the frequency
of ACUK and WGGA in all protein coding genes. Overall,
there is a greater frequency of both sequence motifs in exons
compared with introns, and a greater frequency of each pattern
in both exons and introns when compared with the a priori
value normalized for length (Fig. 2). This indicates that, in

Figure 1. Overlap of FMRP targets identified by three studies. Venn diagrams depicting the overlap of FMRP target genes identified by Brown et al. (green), Darnell
et al. (purple) and Ascano et al. (brown) by PAR-CLIP assay (left) and RIP-Chip assay (right). P-values represent the results of 1 000 000 permutations of the data; the
number of FMRP target genes discovered by each study is in parentheses.

Figure 2. Frequency of putative FMRP recognition sequences. The mean frequency and position within each gene in the genome of ACUK (left) and WGGA (right)
was evaluated and normalized by length. Cross-hatched vertical bars represent the count of genes containing each pattern as a function of the frequency per kilobase.
The pattern frequency is categorized by location within a gene (i.e.—intronic or exonic). The a priori mean was calculated assuming equal probability of each
nucleotide genome-wide. Solid vertical lines show the mean frequency of each pattern in each group. Grey, a priori; blue, introns; orange, exons.
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general, the expressed portions of the genome have a higher level
of these sequences per kilobase than expected, especially in
exons.

We next examined the frequency of ACUK and WGGA in pu-
tative targets of FMRP compared with the rest of the genes in the
genome. We first investigated the �6900 genes identified as
FMRP targets by Ascano-PAR and found that both sequence pat-
terns are more frequent compared with other genes, supporting
the results described by Ascano et al. using our alternative ana-
lysis methods (Fig. 3A, Table 1). Next, we analyzed the genes
identified in the Ascano-RIP dataset and discovered the
WGGA motif to be enriched in the FMRP targets, while there
was a significant deficit of ACUK sequences compared with
the rest of the genes in the genome (Fig. 3B, Table 1). We per-
formed the same analysis using the Brown and Darnell datasets;
in both cases, we found a significant lack of ACUK in the FMRP
targets. For the WGGA motif, we observed no detectable enrich-
ment in the targets identified by Brown, whereas we found a
modest overrepresentation of the pattern in the Darnell dataset
comparedwith the restof thegenome(Fig.3CandD,respectively;
Table 1). The lack of enrichment of WGGA in the Brown dataset,
coupled with relatively minor enrichment in the other datasets
suggests that the pattern is enriched to some degree in FMRP
targets compared with other genes in the genome, but not excep-
tionally so, leaving its role as an FMRP recognition motif
unclear.

Although the ACUK pattern does not appear to be overrepre-
sented in any dataset other than Ascano-PAR, and WGGA only
modestly so, we reasoned that if either motif were substantially

enriched in the genes identified by all three studies, which
confers a higher confidence in the authenticity of the interaction,
the likelihood of these sequences being bona fide recognition
motifs would greatly increase. To investigate this, we examined
four different consensus target sets derived from comparison of
the individual target lists. First, we analyzed the 135 genes
common to each dataset (Ascano-PAR, Darnell and Brown)
for the two sequence patterns. As shown in Figure 4A, neither
ACUK nor WGGA are significantly enriched in this FMRP
target population. In the second set of genes, we compared the
two most recent and similarly assayed datasets, Darnell and
Ascano-PAR, which both used a form of CLIP to identify
FMRP targets. The overlapping genes between these datasets
showed no enrichment of the ACUK pattern, but a small enrich-
ment of the WGGA pattern in the FMRP targets was detected
(difference in means ¼ 0.725; Fig. 4B, Table 1). A third com-
parison assessed the overlapping genes between Brown and
Darnell, which were generated by dissimilar experimental
approaches, but both of which used brain tissue to evaluate
FMRP interactions. Here, we found no enrichment of ACUK
or WGGA patterns in the overlapping targets (Fig. 4C,
Table 1). Lastly, we analyzed the 53 genes in common among
the Brown, Darnell and Ascano-RIP datasets for each of the rec-
ognition motifs. In this case, while we did not detect an enrich-
ment of ACUK sequences, we discovered a significant
increase in frequency of the WGGA pattern in these 53 genes
(difference in means ¼ 2.63, effect size ¼ 0.327; Fig. 4D and
Table 1). Altogether, the ACUK motif is not present at a
higher frequency in any of the consensus FMRP target lists.

Figure 3. Frequency of ACUK and WGGA in FMRP target datasets. Sequence motif frequency evaluation of the Ascano PAR-CLIP data (A), Ascano RIP-Chip data
(B), Brown data (C) and Darnell data (D). The box plots show the median, quartiles, 1.5× interquartile range, and outliers in the number of ACUK (left) and WGGA
(right) patterns per kilobase compared with the rest of the genes in the genome (Others). The difference in mean number of patterns per kilobase between the two
groupings and the permutation P-value are given at the top of each graph; the number of genes in each grouping is given below each graph; number of permutations ¼
1 000 000.
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Table 1. Summary of pattern enrichment results for each dataset (WGGA/ACUK)

Dataset Pattern Total
genes

Total genes
(others)

Pattern
per KB

Pattern per
KB (others)

Difference of
means

Permutation
P-value

T-test P-value Wilcoxon
P-value

Effect
size

Ascano
(PAR-CLIP)

ACUK 6658 11 751 14.09 11.77 2.32 ,1 × 1026 1.82 × 102113 2.62 × 102140 0.358
WGGA 6658 11 751 19.68 18.65 1.03 ,1 × 1026 6.09 × 10217 4.22 × 10221 0.128

Ascano
(RIP-CHIP)

ACUK 921 17 488 11.75 12.66 20.91 4.4 × 1025 1.24 × 1027 0.0024 0.140
WGGA 921 17 488 20.45 18.95 1.50 ,1 × 1026 5.01 × 10210 3.23 × 10215 0.187

Brown ACUK 354 18 055 11.22 12.64 21.41 6.5 × 1025 1.29 × 1026 1.25 × 1025 0.219
WGGA 354 18 055 19.08 19.02 0.06 0.8903 0.8730 0.4273 0.007

Darnell ACUK 807 17 602 11.83 12.65 20.81 0.0005 0.0002 5.68 × 1025 0.126
WGGA 807 17 602 19.76 18.99 0.77 0.0077 0.0094 0.0062 0.096

Common
B_D_A-PAR

ACUK 135 18 274 11.97 12.62 20.65 0.2443 0.2003 0.2166 0.100
WGGA 135 18 274 20.05 19.02 1.04 0.1349 0.1170 0.0959 0.129

Common
D_A-PAR

ACUK 516 17 893 12.40 12.62 20.22 0.4464 0.4111 0.6597 0.034
WGGA 516 17 893 19.73 19.00 0.73 0.0431 0.0421 0.0134 0.090

Common B_D ACUK 180 18 229 11.34 12.62 21.28 0.0084 0.0027 0.0025 0.198
WGGA 180 18 229 19.59 19.02 0.57 0.3432 0.3040 0.2264 0.071

Common
B_D_A-RIP

ACUK 53 18 356 11.82 12.61 20.79 0.3721 0.2810 0.4739 0.122
WGGA 53 18 356 21.64 19.02 2.63 0.0177 0.0082 0.0023 0.327

SFARI ACUK 517 17 892 13.72 12.58 1.14 0.0001 0.0001 6.91 × 1026 0.177
WGGA 517 17 892 20.06 18.99 1.06 0.0031 0.0030 0.0007 0.132

MR_OMIM ACUK 803 17 606 13.45 12.57 0.88 0.0002 0.0002 7.92 × 1025 0.137
WGGA 803 17 606 20.00 18.98 1.02 0.0004 0.0007 0.0011 0.127

Each dataset was evaluated for the ACUK and WGGA sequences by several statistical metrics.
Common B_D_A-PAR reflects the list of 135 overlapping genes in the Brown, Darnell and Ascano PAR-CLIP data; Common D_A-PAR reflects the list of 516
overlapping genes in the Darnell and Ascano PAR-CLIP data; Common B_D reflects the list of 180 overlapping genes in the Brown and Darnell data; Common
B_D_A-RIP reflects the list of 53 overlapping genes in the Brown, Darnell and Ascano RIP-Chip data.

Figure 4. Frequency of ACUK and WGGA among the Consensus FMRP targets. Sequence motif frequency evaluation of the genes common to the Brown, Darnell,
Ascano PAR-CLIP or RIP-Chip data. The box plots show the median, quartiles, 1.5× interquartile range, and outliers in the number of ACUK (left) and WGGA (right)
patterns per kilobase compared with the rest of the genes in the genome (Others). The difference in the mean number of patterns per kilobase between the two groupings
and the permutation P-value are given at the top of each graph; the number of genes in each grouping is given below each graph; number of permutations ¼ 1 000 000.
The different dataset combinations are as follows: (A) Ascano PAR-CLIP, Brown and Darnell datasets; (B) Ascano PAR-CLIP and Darnell; (C) Brown and Darnell;
and (D) Ascano RIP-Chip, Brown and Darnell datasets. B, Brown; D, Darnell; Asc-P, Ascano PAR-CLIP; Asc-R, Ascano RIP-Chip.
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The WGGA pattern is statistically enriched in several datasets,
though to a relatively low degree; in most datasets, both individ-
ual and consensus, there is only �1 more WGGA pattern per
kilobase in the FMRP targets compared with other genes on
average. It should also be noted that in most of the individual
and consensus gene list analyses, the effect size is relatively
small. This indicates that the enrichment of either pattern, even
if statistically significant, likely does not represent an exception-
ally strong relationship. The two exceptions to this, the
Ascano-PAR dataset for ACUK (effect size ¼ 0.358) and the
overlapping genes of Ascano-RIP, Brown and Darnell for
WGGA (effect size ¼ 0.327), imply a robust association.
Since ACUK was not enriched in any other dataset including
the consensus sets, and actually deficient in most datasets,
assay bias may have contributed to this result in the Ascano-PAR
data. In contrast, the enrichment of WGGA in the 53 genes
common to Ascano-RIP, Brown and Darnell datasets is sup-
ported by the same finding in several other datasets, suggesting
that WGGA may indeed be a recognition sequence of FMRP.

Another recent study reported the binding motifs for hundreds
of RNA-binding proteins (RBPs), including FMRP, by an in
vitro technique called RNAcompete whereby hundreds of

thousands of short RNA oligos (30–41 nt) were incubated
with affinity-tagged RBPs, then co-purified and analyzed by
microarrays (22). The FMRP binding sequence by this method
was found to be a seven nucleotide consensus with a conserved
GAC core. We explored each FMRP target set for three motifs
derived from this data: GAC, GACR and GACARG. If we con-
sider the data with a relatively large effect size (≥0.2), GACR is
significantly enriched in every FMRP target dataset except for
Ascano-PAR, while GAC is enriched in both three-way consen-
sus sets. The motif GACARG is significantly enriched only in the
Brown, Darnell and Ascano-RIP consensus genes, though the
effect size approaches significance in the Brown, Darnell and
Ascano-PAR consensus genes as well (effect size ¼ 0.179;
Table 2). Overall, the GACR motif is enriched in most FMRP
target datasets, while the GAC/GACARG motifs are enriched
in the three-way consensus sets. This data indicate that these
motifs are indeed more prevalent in FMRP targets than other
genes, particularly in the consensus sets where the genes are
more likely to be authentic targets of FMRP, supporting them
as true recognition sequences.

Lastly, we investigated the occurrence of ACUK or WGGA as
a function of enrichment since it has been reported that more of

Table 2. Summary of pattern enrichment results for each dataset (GAC/GACR/GACARG)

Dataset Pattern Total
genes

Total genes
(others)

Pattern
per KB

Pattern per
KB (others)

Difference of
means

Permutation
P-value

T-test
P-value

Wilcoxon
P-value

Effect
size

Ascano
(PAR-CLIP)

GAC 6658 11 751 25.37 25.19 0.18 0.5019 0.5053 0.8149 0.01
GACARG 6658 11 751 0.93 0.93 0.01 0.6300 0.6151 5.52 × 1026 0.008
GACR 6658 11 751 8.35 8.22 0.14 0.0286 0.0259 0.0021 0.033

Ascano
(RIP-CHIP)

GAC 921 17 488 26.50 25.19 1.30 0.0247 0.0198 4.79 × 1026 0.076
GACARG 921 17 488 1.00 0.93 0.07 0.0265 0.0044 3.94 × 1029 0.075
GACR 921 17 488 9.04 8.23 0.81 ,1 × 1026 4.17 × 1027 1.29 × 10216 0.201

Brown GAC 354 18 055 27.91 25.20 2.71 0.0036 0.0046 1.50 × 1025 0.158
GACARG 354 18 055 0.99 0.93 0.07 0.1893 0.0784 9.39 × 1025 0.07
GACR 354 18 055 9.32 8.25 1.07 ,1 × 1026 2.02 × 1027 2.20 × 10210 0.265

Darnell GAC 807 17 602 27.90 25.14 2.77 1.6 × 1025 2.91 × 1025 4.75 × 10210 0.161
GACARG 807 17 602 1.00 0.93 0.08 0.0222 0.0037 9.46 × 1029 0.083
GACR 807 17 602 9.38 8.22 1.16 ,1 × 1026 4.34 × 10214 6.61 × 10220 0.288

Common
B_D_A-PAR

GAC 135 18 274 29.22 25.23 3.99 0.0075 0.0165 0.0002 0.233
GACARG 135 18 274 1.09 0.93 0.17 0.0377 0.0135 0.0003 0.179
GACR 135 18 274 9.70 8.26 1.44 7.4 × 1025 0.0001 5.31 × 1026 0.358

Common
D_A-PAR

GAC 516 17 893 27.86 25.18 2.68 0.0006 0.0015 3.58 × 1026 0.156
GACARG 516 17 893 0.97 0.93 0.04 0.3278 0.1884 0.0001 0.044
GACR 516 17 893 9.17 8.24 0.93 ,1 × 1026 1.77 × 1027 6.43 × 10211 0.23

Common B_D GAC 180 18 229 28.50 25.22 3.27 0.0114 0.0199 0.0002 0.191
GACARG 180 18 229 1.06 0.93 0.13 0.0574 0.0192 0.0002 0.142
GACR 180 18 229 9.63 8.25 1.38 1.6 × 1025 1.28 × 1025 2.38 × 1027 0.342

Common
B_D_A-RIP

GAC 53 18 356 32.24 25.24 7.01 0.0046 0.0045 9.09 × 1026 0.408
GACARG 53 18 356 1.23 0.93 0.30 0.0221 0.0138 0.0006 0.32
GACR 53 18 356 10.61 8.26 2.35 0.0001 0.0002 2.16 × 1026 0.582

SFARI GAC 517 17 892 25.16 25.26 20.10 0.9002 0.8913 0.2556 0.006
GACARG 517 17 892 0.98 0.93 0.05 0.2278 0.1463 0.0007 0.054
GACR 517 17 892 9.15 8.24 0.91 ,1 × 1026 1.37 × 1026 2.33 × 1028 0.225

MR_OMIM GAC 803 17 606 26.60 25.20 1.41 0.0234 0.0336 0.0178 0.082
GACARG 803 17 606 0.96 0.93 0.04 0.2649 0.2313 0.0121 0.04
GACR 803 17 606 8.70 8.25 0.45 0.0019 0.0029 0.0043 0.112

Each dataset was evaluated for the GAC, GACR and GACARG sequences by several statistical metrics.
Common B_D_Asc-PAR reflects the list of 135 overlapping genes in the Brown, Darnell and Ascano PAR-CLIP data; Common D_Asc-PAR reflects the list of 516
overlapping genes in the Darnell and Ascano PAR-CLIP data; Common B_D reflects the list of 180 overlapping genes in the Brown and Darnell data; Common
B_D_Asc-RIP reflects the list of 53 overlapping genes in the Brown, Darnell and Ascano RIP-Chip data.
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these patterns in a gene increases enrichment by FMRP immuno-
precipitation (9). We first plotted the total number of each pattern
against the fold enrichment of all 940 genes in the Ascano-RIP
data and found there was a weak positive correlation for both
motifs (R2 ¼ 0.010 for ACUK; R2 ¼ 0.019 for WGGA), sug-
gesting the more frequent the sequence is, the tighter FMRP
binds the target (Supplementary Material, Fig. S1). However,
when we examined the fold enrichment of each target gene as
a function of its length, there was a similar positive relationship
(R2 ¼ 0.021), implicating gene length as a possible underlying
cause of the apparent sequence correlation (Supplementary
Material, Fig. S2). To assess the effect of gene length on the
940 RIP-Chip targets, we normalized each gene by length and
plotted the number of sequence patterns per kilobase against
the fold enrichment. In this analysis, we found almost no correl-
ation between the number of times the patterns occurred and the
enrichment (R2 ¼ 0.001 with a negative slope for ACUK; R2 ¼
0.0001 for WGGA; Supplementary Material, Fig. S3), indicat-
ing that the length of the gene is responsible for the observed
positive relationship between sequence element and target
enrichment. Together these data indicate that when adjusted
for the length of a gene, a greater number of these patterns do
not increase the likelihood of FMRP binding.

Investigation of G-quadruplex formation by WGGA

Several previous studies have demonstrated that FMRP binds to
a specific RNA secondary structure referred to as a G-quadruplex
(11,16,17). A consensus sequence for the formation of G-
quadruplexes bound by FMRP, DWGG was derived by RNA
selection experiments (11). We noticed the similarity between
this and WGGA, and hypothesized that the small enrichment
of WGGA in the FMRP target gene sets could be due to the for-
mation of G-quadruplexes by this sequence. Although the
kinetics of G-quadruplex formation is not fully understood,
there are a few generally accepted requirements in the formation
of these structures (23–25). First, a core of 2–4 tandem guanines
is necessary for the planar tetrad configuration. Second, there are
typically 1–7 intervening nucleotides between these guanine
cores known as loops, although loops of up to 21 nucleotides
have been shown to be compatible with G-quadruplex formation
(26). Therefore, we reasoned that if the WGGA patterns in the
FMRP targets were situated in close proximity to one another,
and the similar pattern DWGG is known to form G-quadruplexes
targeted by FMRP, then the formation of these structures by
WGGA would be possible and should be considered as a poten-
tial mechanism underlying the binding of FMRP to its targets. To
evaluate this supposition, we analyzed the distribution of the
WGGA patterns in the genes of each dataset compared with all

other genes in the genome. Specifically, we filtered the data for
sets of four WGGA patterns with a maximum of five intervening
nucleotides, which we call a quadruplex forming motif (QFM;
Fig. 5). We found an extraordinarily robust enrichment of
QFMs in all FMRP target datasets, including the consensus data-
sets, compared with other genes (permutation P-value ,1 × 107

in all cases), even in those that were not enriched for the WGGA
pattern overall. This strong enrichment was detected in the total
number of target genes with at least one QFM, as well as the total
number of QFMs in all target genes (Tables 3A and B).

Figure 5. Schematic of a quadruplex forming motif. The QFM pattern used to
query all datasets and evaluate the potential of G-quadruplex formation in
FMRP targets. N is any nucleotide and is limited to a maximum of five since
the ‘W’ and ‘A’ of the WGGA motif are considered part of the intervening
loop sequence, which is typically seven nucleotides or less.

Table 3. Quantification of quadruplex forming motifs in genes targeted by
FMRP

A Genes with ≥1 WGGA QFM
Dataset Genes % of Total Perm P-value

WGGA
Ascano-PAR 1206 18.1 ,1 × 1027

Ascano-RIP 281 30.5 ,1 × 1027

Brown 112 31.6 ,1 × 1027

Darnell 253 31.4 ,1 × 1027

B_D_A-PAR 53 39.3 ,1 × 1027

B_D_A-RIP 28 52.8 ,1 × 1027

Genome-wide 2732 14.8 N/A

B Total number of WGGA QFMs
Dataset QFMs QFMs/Gene Perm P-value

WGGA
Ascano-PAR 1730 1.43 ,1 × 1027

Ascano-RIP 443 1.58 ,1 × 1027

Brown 166 1.48 ,1 × 1027

Darnell 417 1.65 ,1 × 1027

B_D_A-PAR 83 1.57 ,1 × 1027

B_D_A-RIP 49 1.75 1 × 1027

Genome-wide 3872 1.42 N/A

C Genes with ≥1 ACUK cluster
Dataset Genes % of Total Perm P-value

ACUK
Ascano-PAR 69 1.04 ,1 × 1027

Ascano-RIP 8 0.87 0.118
Brown 2 0.56 0.376
Darnell 8 0.99 0.063

B_D_A-PAR 1 0.74 0.204
B_D_A-RIP 0 0.00 0.281
Genome-wide 114 0.62 N/A

D Total number of ACUK clusters
Dataset Clusters Clusters/gene Perm P-value

ACUK
Ascano-PAR 69 1.00 ,1 × 1027

Ascano-RIP 8 1.00 0.118
Brown 2 1.00 0.376
Darnell 8 1.00 0.063

B_D_A-PAR 1 1.00 0.204
B_D_A-RIP 0 – 0.281
Genome-wide 114 1.00 N/A

Each dataset, including the overlapping genes from all three studies, were
analyzed for clusters of each sequence motif. The total number of genes with at
least one WGGA QFM/ACUK cluster (A and C, respectively) and the total
number of WGGA QFMs/ACUK clusters (B and D, respectively) are shown, as
well as the permutation P-values generated by comparison to random sets of
genes; n ¼ 10 000 000 permutations of the data. B_D_A-PAR, consensus genes
from Brown, Darnell and Ascano PAR-CLIP; B_D_A-RIP, consensus genes
from Brown, Darnell and Ascano RIP-Chip.
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Additionally, the percentage of genes with at least one QFM in
both three-way common datasets was higher than any individual
dataset, particularly in the 53 genes common to Ascano-RIP/
Brown/Darnell, where over half of the genes contained at least
one QFM. As a control for our method, we performed the same
analysis using ACUK, another four-nucleotide sequence with
a single ambiguous base. This motif cannot form
G-quadruplexes, has no known biological reason to cluster,
and therefore should not show enrichment as a QFM by our
method. We found no enrichment of ACUK clusters in any of
the datasets except for the Ascano-PAR data (Tables 3C and D).
These results indicate that the WGGA pattern is specifically and
highly clustered in FMRP targets, and potentially has the capacity
to form a G-quadruplex structure that serves as a recognition
element for FMRP.

Assessment of kissing complexes in FMRP target sequences

A complex loop–loop pseudoknot structure known as a ‘kissing
complex’ was identified by Darnell et al. as a target of the FMRP
KH2 domain using in vitro selection methods (27). We assessed
predicted kissing complexes (28) in consensus FMRP target
genes identified in all three major datasets using the RNA
sequence surrounding the dominant Ascano PAR-CLIP peak,
as compared with randomly selected mRNA sequences of the
same length. Although there were kissing complexes predicted
in 44% of sequences (Supplementary Material, Fig. S4), this
trend was not statistically significant (permutation P-value
0.27). This indicates that the kissing complex is not the
primary determinant of FMRP targeting, but is consistent with
KH2-bound kissing complexes contributing to target recogni-
tion either as a sub-dominant motif or as the dominant motif in
only a subset of targets.

We also examined the enrichment and position of GAC motifs
within the context of kissing complex RNAs. Notably, all the
kissing complex RNAs identified by Darnell et al. contain the
GAC sequence. In the Darnell kissing complex RNAs,
the GAC is located with the GA in the 5′ single-stranded loop,
while the C forms the first base-pair of the loop–loop interaction.
Mutation of this 5′A was highly deleterious to KH2 binding (27),
underlining the importance of this sequence. In the same set of
FMRP target sequences used to assess kissing complexes, the
GAC motif was enriched independently of whether the sequence
was predicted to form a kissing complex. Within those sequences
predicted to form kissing complexes, the location of the GAC se-
quence varied (Supplementary Material, Fig. S4), which sug-
gests that there is not a strict sequence–structure relationship
between the GAC motif and kissing complex pseudoknots.

Analysis of KH domain recognition sequence

Although the WGGA sequences are highly clustered in the
FMRP targets compared with other genes, only 40–50% of the
consensus genes contained at least one QFM, leaving the enrich-
ment of the other targets unaccounted for in terms of recognition
motif. This suggests that perhaps our QFM search parameters
may be too stringent or, more likely, that additional RNA ele-
ments are also targeted by FMRP. Given that the RGG box has
been shown to mediate FMRPs interaction with G-quadruplexes
(11,16,17,29), the two KH-type domains, which function as

mediators of RNA interaction as well, could account for the iso-
lation of FMRP targets that do not contain a WGGA cluster. The
recent study by Ray et al. used a truncated form of FMRP that
contained both KH domains but not the RGG box, which
yielded a consensus sequence that we found to be prevalent in
many of the datasets and may represent the motif targeted specif-
ically by the KH domains. To determine if the non-QFM genes
contained high levels of this putative KH domain binding
motif, we analyzed the highest confidence FMRP targets (i.e.
the three-way overlap datasets) by dividing each into two
groups: genes that contain a WGGA-QFM and those that do
not. We searched for enrichment of GACR or GACARG in the
non-QFM genes as compared with the QFM-containing FMRP
targets and found no significant enrichment of either motif (Sup-
plementary Material, Table S4). Additionally, the pattern fre-
quency per kilobase does not increase as the level of target
enrichment increases (data not shown). These results demon-
strate that although the GACR and GACARG motifs are
common in FMRP targets as a whole, they are distributed
evenly throughout the target genes. Based on this analysis,
these KH-domain recognition motifs may indeed be responsible
for FMRPs interaction with non-QFM targets, but are not found
exclusively in these genes. This also suggests that, in some cases,
the KH domains and RGG box may work in concert to specific-
ally interact with target genes.

To address the possibility that the two domains recognize and
bind targets jointly, we leveraged the similarities in KH domain
structure between FMRP and two paralogs, FXR1 and FXR2.
The KH domains of FMRP are highly conserved in FXR1 and
FXR2 and exhibit RNA-binding activity indistinguishable
from that of FMRP’s KH domains. In contrast, the C-terminal
region, where the RGG box is located in FMRP, is divergent in
the FXR proteins and lacks definitive RGG boxes or
G-quadruplex binding activity (30). If the KH and RGG box
domains of FMRP function independently, then the shared
targets of FMRP, FXR1 and FXR2 would represent targets
bound by the KH domains, whereas FMRP targets not bound
by FXR proteins would represent targets bound by FMRP’s
RGG box. Therefore, we looked for enrichment of mRNAs con-
taining WGGA QFMs in FMRP-only targets as compared with
shared FMR1-family targets, as identified in PAR-CLIP data
from Ascano et al. The percentage of genes that contain a
QFM was equal in shared targets and FMRP-only targets (data
not shown), suggesting that there are not distinct pools of
KH-bound and RGG-bound FMRP targets and further support-
ing a cooperative binding model.

FMRP target validation by external database overlap
and gene ontology (GO)

Each study design has its own merits and drawbacks, which
makes determining the most accurate FMRP target dataset diffi-
cult. Since our consensus target lists are derived strictly in a rela-
tive manner by comparing one study to another, we sought to
support the validity of our approach and findings using common-
ly utilized, independent databases. Given FMRP’s role in intel-
lectual disability and ASD, we investigated the correlation
between the different groups of data compiled here and several
external sources including the OMIM database, the SFARI data-
base, and GO analysis. First, we extracted genes associated with
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the terms ‘mental retardation’ (MR) and ‘intellectual disability’
(ID) from the OMIM database, which yielded 962 genes. We also
obtained a gene list from the SFARI database containing 528
genes related to autism susceptibility. We performed the
pattern enrichment analysis on these two gene sets and observed
a minor enrichment of ACUK and WGGA in both, a minor en-
richment of GACR in the OMIM genes, and a significant enrich-
ment of GACR in the SFARI genes (Tables 1 and 2). We also
performed the QFM analysis on these sets and found that both
the OMIM and SFARI genes had WGGA patterns that were clus-
tered together compared with other genes (permutation
P-value ¼ 0.0047 and 0.0081, respectively), although to a
lesser extent than any of the FMRP target lists, likely due to
the presence of non-FMRP targets that have been implicated in
MR/ID or ASD and do not contain a G-quadruplex motif.
Next, we examined the amount of overlap between the OMIM
and SFARI gene lists compared with all the gene lists in our ana-
lysis. We found that all datasets except for Ascano-PAR were
significantly overlapping with both the autism susceptibility
genes and MR/ID genes, with the Darnell set being exceptionally
significant in both cases (Table 4). To measure the relationship
between FMRP targets and neuronal processes, we used GO
and Bioconductor to annotate the genes from each list. We
found at least one neuronal-specific process in the top 10 most
significant GO terms in each consensus target list, with the
Brown and Darnell consensus list containing the most (4 out of
10; Supplementary Material, Table S5), suggesting this dataset
may contain the most relevant set of FMRP target genes in a
neuronal context.

Top ranked phenotype-associated FMRP targets

A drawback to the three-way consensus lists generated in this
report is the exclusion of genes that are not present in all
studies, even if good evidence of association with FMRP
exists in two of the datasets. Furthermore, if genes targeted
by FMRP already have known associations to neurodevelop-
mental disease, it would be helpful to highlight these interac-
tions as perhaps the most relevant associations to investigate

in FXS and related neurodevelopmental disorders. To address
these issues, we first used a rank aggregation method (31) to
generate a single top 100 ranked list derived from target enrich-
ment data from the Brown, Darnell and Ascano-RIP datasets.
Additionally, to link FMRP targets to neurodevelopmental
phenotypes, we used the genes from this top 100 list to search
the PubMed database for association with four terms: Fragile
X, autism, mental retardation and intellectual disability. We
then sorted the genes by the total number of publications that
include both the gene and the search terms, thus creating a
list of the 40 most highly enriched FMRP targets with published
associations to a given phenotype (Table 5). It is important to
note that although �60 of these 100 genes have no published

Table 4. Overlap of genes from FMRP target datasets and independent
databases

FMRP target gene set
(# genes in dataset)

SFARI database
(528 genes)

OMIM database
(962 genes)

Gene
overlap

P-value Gene
overlap

P-value

Ascano-PAR (6658) 216 0.23065 373 0.64051
Ascano-RIP (921) 38 0.03880 66 0.02199
Brown (354) 31 1.18 × 1026 32 0.01746
Darnell (807) 94 3.45 × 10229 101 4.83 × 10214

B_D_A-PAR (135) 12 0.00077 19 0.00014
D_A-PAR (516) 16 0.00633 63 2.41 × 1029

B_D (180) 16 9.63 × 1025 22 0.00030
B_D_A-RIP (53) 20 6.62 × 1027 22 0.00044

The level of gene overlap between each of the FMRP datasets and the SFARI and
OMIM databases is shown. The common gene sets were generated from the
following combinations: B_D_A-PAR, Brown/Darnell/Ascano PAR-CLIP;
D_A-PAR, Darnell/Ascano PAR-CLIP; B _D, Brown/Darnell; B_D_A-RIP,
Brown/Darnell/Ascano RIP-Chip. P-values were generated by Fisher’s exact
test.

Table 5. The top 40 target genes of FMRP-associated with phenotypes

Rank Gene Fragile X Autism MR/ID Total

1 TSC2 5 72 110 187
2 MTOR 37 75 65 177
3 NAV1 0 15 35 50
4 CREBBP 0 3 38 41
5 EHMT1 0 5 27 32
6 TRIO 0 18 9 27
7 DST 0 2 16 18
8 ANKRD11 1 6 10 17
9 CYFIP2 8 1 8 17
10 ITPR1 1 2 11 14
11 SMARCA4 1 1 12 14
12 SKI 1 1 9 11
13 ANK3 1 6 3 10
14 CHD8 0 6 3 9
15 HERC2 0 4 4 8
16 BCR 1 1 5 7
17 BSN 1 2 4 7
18 SPTAN1 0 1 5 6
19 SCAP 0 3 2 5
20 HCFC1 0 0 5 5
21 ATP2B2 0 4 1 5
22 ARHGEF7 0 0 4 4
23 COBL 1 2 1 4
24 ALS2 1 1 2 4
25 MAPK8IP1 0 0 4 4
26 PRPF8 1 1 1 3
27 TRAPPC10 0 0 2 2
28 CUX1 0 1 1 2
29 TSHZ1 0 0 2 2
30 CIC 0 0 2 2
31 FOXK2 0 0 2 2
32 HERC1 0 1 1 2
33 MYT1L 0 1 1 2
34 PI4KA 0 1 0 1
35 BAI2 0 1 0 1
36 GPRIN1 0 1 0 1
37 MAST4 0 1 0 1
38 LPHN1 0 0 1 1
39 JAK1 0 0 1 1
40 FASN 0 1 0 1

A list of top targets of FMRP was generated based on enrichment rank within all
three studies (Brown, Darnell and Ascano-RIP) and their association with the
published literature using the search terms: Fragile X, autism and mental
retardation (MR)/intellectual disability (ID). The numbers below each of these
search terms represents the number of abstracts in PubMed that include both the
target gene and the specific search term, while the far right column is the total
number of publications for each gene and all search terms. Note: One gene,
LARGE, was excluded from this list since the term ‘large’ appears in numerous
publications unrelated to the gene, artificially inflating the number of
publications returned.

Human Molecular Genetics, 2014, Vol. 23, No. 20 5487

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu272/-/DC1


association to neurodevelopmental disorders, they remain im-
portant candidates for future studies based on their high level of
enrichment.

DISCUSSION

We critically analyzed three of the largest studies of empirically
derived FMRP targets to determine mRNAs that are found to
consistently interact with the protein and identify any specific
recognition elements within those targets. The recognition
motifs ACUK and WGGA were found to be enriched in the
full target list generated by the Ascano-PAR assay, confirming
their findings by our independent analysis methods. However,
when the Ascano-RIP validated candidates were examined,
arguably the more stringent and stably bound target set, the
ACUK sequence was no longer in excess. In fact, our analysis
of all datasets, including the consensus lists, showed there is
not only a lack of ACUK enrichment, but a deficiency of the
pattern in each dataset. A possible reason for the enrichment of
ACUK exclusively in the PAR-CLIP data is based on the fact
that the assay utilizes an in vivo incorporation of the uridine
analog 4-thiouridine (4SU) into nascent RNA transcripts to iden-
tify the precise location of RNA:protein interaction. The ACUK
sequence contains at least one, and possibly two uridine nucleo-
tides, which imparts a greater probability of 4SU incorporation
and, therefore, a greater chance of creating a crosslink between
an RNA and protein without regard for the strength of the
initial interaction. This could result in the co-immunoprecipitation
of RNAs that may not have a significant association with FMRP.
Additionally, this bond, induced by UV at 365 nm, was shown to
be a stronger link than that of the 254 nm UV crosslinking used
by Darnell et al. in the HITS-CLIP assay (9,32), which may also
cause the co-precipitation of genes that are not interacting at
physiologically relevant levels. Along with differences in bio-
informatic filtering, this may partially account for the large dif-
ference in FMRP-associated RNAs discovered by these two
similar assays. These findings indicate that ACUK is, at best, a
weak recognition sequence of FMRP and is not more common
in the top candidates of any of these studies, even another
CLIP assay.

The other proposed FMRP recognition sequence, WGGA,
was found to be modestly enriched in the FMRP targets of
several datasets and consensus lists, though several other lists
did not show enrichment, leaving the validity of the sequence
as a standalone recognition element uncertain. We hypothesized
that if the WGGA sequences were closely clustered such that
they could potentially form a two tetrad G-quadruplex structure,
a known target of FMRP, this could explain the apparent lack of
enrichment of the motif in several datasets, while others are
enriched for it. Our analysis shows this to be an extremely plaus-
ible theory, as WGGA motifs were very highly clustered in
FMRP targets compared with the rest of the genes in the
genome. To demonstrate specificity of this phenomenon to
WGGA, analysis of a different four-nucleotide sequence with
a single ambiguous position (ACUK) showed almost no indica-
tion of pattern clustering. Based on these findings, we postulate
that the distribution of WGGA motifs, rather than the aggregate
number, is important for recognition. For example, the consen-
sus list from the overlap of Brown and Darnell, which is one of

the strongest target lists as determined by SFARI and OMIM
overlap as well as GO term annotation, was not enriched for
the WGGA pattern compared with other genes. However, the
WGGA patterns that were present in this set were found to be
highly clustered based on our analysis. This conclusion is sup-
ported by the lack of correlation between FMRP target enrich-
ment levels and the number of WGGA patterns present when
gene length is considered. These computational results require
empirical confirmation, but they are highly suggestive of a scen-
ario where G-quadruplex formation is possible, especially in
light of FMRP’s demonstrated proclivity for the structure.

The patterns GAC, GACR and GACARG were identified as
FMRP binding motifs via in vitro experiments by Ray et al.
and we found that each of these motifs is prevalent in the high-
confidence FMRP targets from in vivo studies, particularly the
GACR motif, which was significantly enriched in almost all
FMRP datasets compared with other genes. Thus, our data sup-
ports these binding motifs as recognition elements of FMRP.
Understanding the limited specificity that can be imparted by
short recognition sequences, we assessed the possibility that
the GAC sequence is a requisite motif within a secondary struc-
ture element. Ray et al. deliberately minimized RNA secondary
structure while preparing their RNA sequence library. Accord-
ingly, we found no evidence for consistent RNA secondary
structure when we assessed the top sequences bound by FMRP
in the Ray et al. data set (data not shown). We also found no cor-
relation between the presence of GAC and kissing complexes,
nor any consistent position of the GAC motif within predicted
kissing complexes. These data support a model in which
FMRP binds unstructured GAC but also likely requires
binding to additional recognition elements to specify target
mRNAs.

Because the GAC motif was established using a truncated
FMRP with only KH domains, this provided us the opportunity
to analyze the high-confidence FMRP targets that did not
contain a clustered WGGA for the presence of this KH-specific
motif to potentially explain their association with FMRP as KH
domain mediated. However, we found very little evidence for
enrichment of the pattern in non-QFM target genes compared
with QFM-containing targets, indicating that although the
KH-specific patterns are common in FMRP targets, they are
not more prevalent in non-G-quadruplex containing genes. Simi-
larly, QFMs were not enriched in targets bound only by FMRP
over targets that were also bound by FXR1 and FXR2, which
share KH domains homologous to FMRP’s but lack functional
RGG boxes. Taken together, these data suggest that FMRP
targets are established through a more complex interaction
than independent binding by the KH or RGG box domains alone.

Our G-quadruplex analysis identified the presence of
increased QFMs in the Darnell dataset, whereas Darnell et al.
(10) found no enrichment of such motifs in the same data. Our
analyses differed in several ways; namely, the pattern used to
explore the data and our permutation analysis. The aim of our in-
vestigation was to determine the distribution of WGGA
sequences in FMRP targets compared with non-targets using
the general requirements for G-quadruplex formation proposed
by the scientific community, and we performed this using the
pattern shown in Fig. 5; this differs slightly from the parameters
used by Darnell et al. In addition to this difference, the FMRP
target set was compared with one set of random non-targets by
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Darnell et al., whereas we generated 10 000 000 random non-
target gene sets for comparison, and found none with more
QFMs than the FMRP targets. This permutation analysis pro-
vides a great deal of confidence in our results and suggests the
FMRP targets are indeed highly enriched for WGGA QFMs in
all datasets compared with the rest of the genes in the genome.

Using the independent databases OMIM and SFARI, we
showed that genes associated with MR and ASD overlap signifi-
cantly with all of the FMRP target lists except the Ascano-PAR
data, which is likely due to the large number of genes identified
by this method, some of which may be interacting incidentally or
not associated with MR and ASD. Additionally, GO analysis
revealed a high level of neurological processes in several data-
sets, especially in the common genes derived from the Brown
and Darnell lists, where four of the top five most significant
terms were related to neurological processes, as well as having
the highest total of any dataset. This suggests that this consensus
list may represent the most consistent targets of FMRP in the
brain, since two vastly different experimental approaches iden-
tified these targets and both used neuronal tissue. The Ascano
datasets had no GO terms specific to neurological processes in
the 10 most significant annotations, which is likely the result
of using a tissue type other than brain rather than a reflection
of the quality of the data. Additionally, It is important to note
that while each of these studies have identified some number
of true FMRP ligands, it is perhaps only a subset of all the
genes targeted by the protein since transcript abundance, cellular
conditions and experimental limitations likely dictate the
mRNAs bound by FMRP. This could result in real interactions
that were undetectable by any one of these study designs and
thus would be excluded from the target lists.

Comparison of the target lists from each study to one another
revealed an extremely high overlap between the Brown and
Darnell lists, while either Ascano dataset, although overlapping
substantially, was �100 orders of magnitude less significant in
comparison. Despite using relatively dissimilar assays, the
Brown and Darnell studies used mouse brain tissue to identify
targets of endogenous FMRP. In contrast, the Ascano data
were generated by evaluating interactions of heterologously
expressed FMRP in HEK293 cell lines, which likely accounts
for the weaker correlation with the other two studies. RNA-seq
data suggest that human brain tissue and HEK293 lines
express 8579 genes in common, which accounts for �90% of
all gene expression in HEK293 cells (9). Importantly,
however, there are over 4400 genes expressed in human brain
tissue that are not detected in HEK293 lines, meaning
HEK293 cells express only 66% of the genes present in the
brain. Each of these 4400 genes represents a potential target of
FMRP that was not interrogated in any of the Ascano data and
is a very reasonable explanation for the diminished overlap
with the Brown and Darnell target lists. Additionally, these
4400 genes almost certainly represent many that are neuron-
specific and perhaps the most important to evaluate for FMRP
interaction, while the overlapping genes are more likely to be
common to many or all cell types. Furthermore, while the expres-
sion level of FMR1 was found to be similar between brain tissue
and the experimental system used by Ascano et al., the endogen-
ous expression level of all other genes may differ considerably in
each tissue, thereby confounding the evaluation of the level of
enrichment and true relationships between FMRP and its

targets. Since many genes are expressed in a tissue-specific
manner, and Fragile X syndrome is a neuropsychiatric disorder,
neuronal tissue is the most relevant experimental system in
which to assess binding targets of FMRP. We recommend that
any future attempts to evaluate targets of FMRP or other neuron-
al RNA-binding proteins should be performed using brain tissue.

The FMRP target lists generated here may be particularly
useful for investigating the role of FMRP in the etiology of
related neurodevelopmental diseases. Studies have revealed
that de novo point mutations occur in FMRP target genes more
frequently in autism patients than unaffected siblings, and
FMRP targets may account for up to half of all autism suscepti-
bility genes (7,33–35). Additionally, FMRP targets have recent-
ly been implicated in schizophrenia, where an elevated level of
single nucleotide mutations or small indels was found in
FMRP targets of affected individuals (6,8). Our high-confidence
consensus lists provide a well-defined set of FMRP-associated
genes that will help link diseases influenced by FMRP function
to specific genes and molecular pathways, such as the newly dis-
covered association between FMRP targets and schizophrenia.
Given these emerging relationships, these lists also serve as a
method for prioritizing the multitude of variants of unknown sig-
nificance revealed by whole exome/genome sequencing of
autism and schizophrenia patients, and will help guide follow-up
functional studies.

Overall, we compiled FMRP target lists based on the overlap
of several different datasets, and each has value in various ex-
perimental settings. All consensus lists generated here are
genes found to consistently associate with FMRP by several dif-
ferent methods and research groups, which provides a higher
level of confidence in the interaction. Most of these datasets
were enriched for GACR, depleted of ACUK, and several
were enriched for the WGGA pattern. The distribution of
WGGA within FMRP targets appears to be important and we
provide evidence that this is consistent with the formation of
G-quadruplexes by this sequence. Though WGGA may not be
the only sequence element recognized by FMRP, the presence
of clusters of this motif in mRNAs will improve the identification
of putative FMRP targets and provides a mechanistic and test-
able basis for the interaction. Tissue type and experimental
method used doubtlessly play a role in the FMRP:mRNA inter-
actions that are captured, and the consensus lists generated here
should be applied to future endeavors with the knowledge of
which datasets were used to derive them. Lastly, these consensus
lists should prove to be a valuable resource for investigating the
genetic causes of autism and schizophrenia because of the con-
nection between FMRP-associated genes and these diseases.

MATERIALS AND METHODS

Dataset construction and acquisition

Ensembl was used to construct a whole genome dataset and was
limited to genes that code for proteins and have both a 5′ UTR and
a 3′UTR. There were 18 409 such genes and we use this dataset
for all pattern frequency analyses. The FMRP target datasets
generated by Ascano et al., Darnell et al. and Brown et al.
were obtained via the Supplementary Material provided by the
journal in which each was published. Each of these datasets con-
tained genes that were not present in our whole genome dataset,
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and these genes were excluded from analysis. Information about
each dataset used is summarized in Supplementary Material,
Table S1.

Significance tests for target list overlap

For significance of overlap between two gene sets, both the
Fisher’s exact test and a permutation test were conducted. For
significance of overlap between three datasets, only a permuta-
tion test was conducted. In each case, the full dataset from
each study was used without regard for whether a gene was
present or absent from the Ensembl dataset. The number of
common genes in a random permutation was calculated as the
overlap between two random gene lists that contained an equal
number of genes as the two actual gene lists. The permutation
P-value was calculated as the number of times the number of
common genes obtained from the permutations exceeded the
number of common genes between the two actual gene lists,
divided by the number of permutations (N ¼ 1 000 000).
A similar methodology was followed to calculate the permuta-
tion P-value for the overlap between three datasets.

Significance tests for pattern enrichment

The significance of the difference in mean number of patterns
(e.g. WGGA) occurring in a gene set (e.g. Darnell) and the
rest of the genome was assessed using the t-test, Wilcox rank
sum test and permutation tests. All t-tests were two tailed.
The permuted P-value for enrichment was calculated as the
number of times the permuted mean difference exceeded
the actual mean difference divided by the number of permuta-
tions (N ¼ 1 000 000). A similar methodology was followed to
obtain the P-values for QFM analysis. All analyses were con-
ducted in R (36).

Significance tests for QFM analysis

The QFM permutation value was calculated as the number of
times the occurrences of QFM patterns in a random gene list,
containing the same number of genes as the actual gene list,
exceeded the occurrences of QFM patterns in the actual gene
list divided by the number of permutations (N ¼ 10 000 000).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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