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RNA-binding proteins (RNA-BPs) play critical roles in development and disease to regulate gene expression. However,
genome-wide identification of their targets in primary human cells has been challenging. Here, we applied a modified
CLIP-seq strategy to identify genome-wide targets of the FMRP translational regulator 1 (FMR1), a brain-enriched RNA-
BP, whose deficiency leads to Fragile X Syndrome (FXS), the most prevalent inherited intellectual disability. We identified
FMR1 targets in human dorsal and ventral forebrain neural progenitors and excitatory and inhibitory neurons differentiated
from human pluripotent stem cells. In parallel, we measured the transcriptomes of the same four cell types upon FMR1 gene
deletion. We discovered that FMR1 preferentially binds long transcripts in human neural cells. FMR1 targets include genes
unique to human neural cells and associated with clinical phenotypes of FXS and autism. Integrative network analysis using
graph diffusion and multitask clustering of FMR1 CLIP-seq and transcriptional targets reveals critical pathways regulated by
FMR1 in human neural development. Our results demonstrate that FMR1 regulates a common set of targets among different
neural cell types but also operates in a cell type–specific manner targeting distinct sets of genes in human excitatory and
inhibitory neural progenitors and neurons. By defining molecular subnetworks and validating specific high-priority genes,
we identify novel components of the FMR1 regulation program. Our results provide new insights into gene regulation by a
critical neuronal RNA-BP in human neurodevelopment.

[Supplemental material is available for this article.]

Human neuronal development, function, and dysfunction rely
heavily on translational control of essential genes by RNA-binding
proteins (RNA-BPs). Key to understanding the mechanisms and
impact of RNA-BPs is to identify their genome-wide targets in cells
of the nervous system.High-throughput sequencing of RNA isolat-
ed by crosslinking immunoprecipitation (HITS-seq or CLIP-seq)
can isolate RNA-BP targets but requires large numbers of cells
and high-quality antibodies (Wheeler et al. 2018). Methods with
increased efficiency and specificity have been developed, includ-
ing irCLIP (Zarnegar et al. 2016) and eCLIP (Van Nostrand et al.
2016), but the difficulties of isolating large numbers of human
neurons has still limited our ability to identify genome-wide tar-
gets of RNA-BPs. Thus, new strategies are needed to address the
function of RNA-BPs in human brain.

One critical RNA-binding protein that regulates the expres-
sion of critical genes in neural development, neuronal function,
and synaptic plasticity is FMRP translational regulator 1 (FMR1)
(Pfeiffer and Huber 2009; Darnell and Klann 2013). Loss of
FMR1 results in Fragile X Syndrome (FXS), the most common in-

herited genetic cause of intellectual disability and the leading ge-
netic contributor to autism (Pieretti et al. 1991; Verkerk et al.
1991; Kaufmann et al. 2017). Studying FMR1 in human neurode-
velopment may serve as a gateway for understanding autism, but
the identification of RNA targets of FMR1 in humans is largely un-
explored, thus limiting our understanding of FMR1 function. To
date, most research on FMR1 function and consequences of
FMR1 loss has relied on animal models, particularly mouse mod-
els. However, recent clinical trials developed based on evidence
from animal models failed to correct disease-related phenotypes
in FXS patients (Bailey et al. 2016; Berry-Kravis et al. 2016; Zhao
and Bhattacharyya 2018). Discrepant impacts of FMR1 deficiency
on mouse versus human brains (Kwan et al. 2012) and mouse ver-
sus human embryonic stem cells (Doers et al. 2014; Telias et al.
2015; Khalfallah et al. 2017) suggest that interspecies differences
in brain development and FMR1 function are significant. Thus,
discordance between rodent models and human studies warrants
identification of FMR1 targets in human neurons.

Genome-wide binding studies show that FMR1 binds hun-
dreds of mRNAs in the mouse brain (Brown et al. 2001; Darnell
et al. 2011; Tabet et al. 2016; Maurin et al. 2018; Sawicka et al.
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2019), but only a handful of these targets have been validated in
humans. In vitro binding kinetic assays estimate that FMR1 inter-
acts with ∼4% of mRNAs expressed in human fetal brain tissue
(Ashley et al. 1993), and a few reports identifying humanFMR1 tar-
gets have emerged (Ascano et al. 2012; Van Nostrand et al. 2016,
2017; Tran et al. 2019). CLIP-seq using the HEK293 cell line over-
expressing tagged FMR1 identified over 6000 RNAs as direct FMR1
targets (Ascano et al. 2012). However, it is unclear how these find-
ings in immortalized non-neural cell lines inform FMR1 functions
in the brain. Recent work addressed this challenge by identifying
FMR1 targets in post-mortem adult human frontal cortex (Tran
et al. 2019) with an emphasis on FMR1’s involvement in RNA ed-
iting in autism. This study used adult brain tissues containing
mixed cell types, making it difficult to attribute the binding of
FMR1 to specific cell types that are relevant to neurodevelopment.
These genome-wide studies provide a framework for unveiling
mechanisms of FMR1 function, but it remains unknown whether
the identified RNA targets are regulated by FMR1 in human neuro-
nal cell types and the extent to which FMR1 targets differ across
related cell types. Further, FMR1’s role is critical in neurodevelop-
ment, and the reports thus far do not interrogate developing neu-
ral cells.

Human pluripotent stem cells (hPSCs) provide a paradigm to
study aspects of humanneurodevelopment because of their ability
to generate specific neural cell types in vitro over a period of time
corresponding to in vivo humandevelopment, thus recapitulating
many of the developmental steps relevant and unique to humans
(Anderson and Vanderhaeghen 2014; Kim et al. 2014; Zhao and
Bhattacharyya 2018). Cortical neurons differentiated from human
PSCs resemble fetal neurons (Handel et al. 2016), and so neural
progenitor cells (NPCs) and neurons differentiated from human
PSCs provide a good model of early cortical development. While
a limited number of studies using FXS human embryonic stem
cells (hESCs) and induced pluripotent stem cells (iPSCs) suggest
that FMR1 functions during neural progenitor differentiation
and neuronal maturation in human cells (Sheridan et al. 2011;
Telias et al. 2013; Doers et al. 2014), the precise role of FMR1
and itsmechanisms of function in the human brain are largely un-
known, hindering our understanding of how loss of FMR1 causes
intellectual disability in FXS patients and reducing our ability to
find relevant therapeutic targets.

In this study, we identify FMR1 targets in human neural cells
through seamless CRISPR-Cas9 genome editing to tag FMR1,mod-
ified CLIP-seq, and transcriptomic analysis of FMR1-deficient cells.
We integrate direct targets of FMR1 with differentially expressed
genes using graph-based diffusion and multitask graph clustering
to define shared and cell type–specific RNA targets. The multilevel
data sets we generated serve as important resources for FXS, au-
tism, and neurodevelopmental research communities.

Results

Generation of FMR1-FLAG hPSCs and neural differentiation

To facilitate isolation of FMR1 for identification of direct RNA tar-
gets of FMR1 by CLIP, we tagged FMR1 in hPSCs. We generated
FMR1-FLAG hPSCs with endogenous FMR1 tagged by a 3xFLAG
tag using a modified CRISPR-Cas9 genome targeting strategy
which, through homology-directed recombination with a donor
plasmid followed by transient puromycin selection, allowed for
fast and seamless genome editing (Fig. 1A,B). In the FMR1-FLAG
hPSCs, FMR1 was expressed as a fusion protein with a C-terminal

3xFLAG tag (Fig. 1B). Since FMR1 is anX-linked gene, we generated
FMR1-FLAG hPSCs from three male hPSC lines as biological repli-
cates: two hESC lines (H1 and H13) and one hiPSC line (GM1)
(Fig. 1C). From each of the three parental hPSC lines (referred to
as wild type or WT), at least two isogenic colonies with successful
fusion of FLAG tag to FMR1were confirmed by PCR (Supplemental
Fig. S1A), Sanger sequencing (Supplemental Fig. S1B), and immu-
noblot (Fig. 1C). One FMR1-FLAG line from each parental line was
used for subsequent experiments (red in Fig. 1C and Supplemental
Fig. S1A). Integrity of the FMR1-FLAGhPSC lineswas confirmedby
karyotyping and immunofluorescence for stem cell markers,
POU5F1 (also known as OCT4), SOX2, and PODXL, as well as ab-
sence of the neuroepithelial marker PAX6 (Supplemental Fig. S1C,
D). Off-target CRISPR mutations at the top five predicted sites in
the FMR1-FLAG hPSC lines were examined by Sanger sequencing,
andno off-targetmutationswere detected (Supplemental Fig. S1E).

We differentiated the three parental hPSCs (parental) and iso-
genic FMR1-FLAG hPSCs (FLAG) into dorsal forebrain and ventral
forebrain neural progenitor cells and then to dorsal and ventral
forebrain neurons, hereafter referred to as dNPC, vNPC, dNeuron,
and vNeuron, respectively. Differentiation was carried out using
establishedmethods of dual SMAD inhibition followed by pattern-
ing with a sonic hedgehog (SHH) inhibitor (cyclopamine) for
dNPC and SHH for vNPC (Fig. 1D; Chambers et al. 2009; Li et al.
2009;Maroof et al. 2013). Successful patterning of the two lineages
was confirmed by expression of PAX6 in dNPCs and NKX2-1 in
vNPCs (Supplemental Fig. S2A–C). The dNPCs and vNPCs were
then differentiated to highly enriched populations of dNeurons
and vNeurons (Supplemental Fig. S2D). dNeurons and vNeurons
expressed SLC17A7 (also known as VGLUT1) and GABA, respec-
tively (Supplemental Fig. S2E,F). The FLAG tag was detected by im-
munofluorescence in NPCs and neurons differentiated from
FMR1-FLAG hPSCs but not parental cells (Supplemental Fig.
S2G,H). Therefore, our FMR1-FLAG hPSCs express endogenously
FLAG-tagged FMR1 and can be patterned into highly enriched
forebrain NPCs and neurons, enabling isolation of FMR1 through
the FLAG tag.

Identification of FMR1 binding targets in human neural cells using
an incorporated CLIP strategy

Identification of FMR1 targets by CLIP required large quantities
(>108) of cells in both mouse brain (Darnell et al. 2011; Maurin
et al. 2018) and a human transformed nonneural cell line
(Ascano et al. 2012). However, the limited number of neurons dif-
ferentiated fromhumanhPSCs in culture prohibited us fromusing
similar protocols. We adapted two recently developed CLIP meth-
ods, irCLIP and eCLIP, that demonstrated robust CLIP from rela-
tively small numbers of HeLa or HEK293 cells (<106) (Van
Nostrand et al. 2016; Zarnegar et al. 2016), with additional modi-
fications to improve efficiency (2.6-fold 16 h+ vs. 1.5 h−)
(Supplemental Fig. S2I). As in irCLIP, a near-infrared dye-labeled
3′ adapter was ligated to RNAs isolated by CLIP to facilitate visual-
ization of RNAs on gels for size selection (Fig. 1E). Pilot CLIP exper-
iments with FMR1-FLAG NPCs demonstrated better isolation of
RNAs by a FLAG antibody than several FMR1 antibodies and suc-
cessful enrichment of RNAs in <106 NPCs (Supplemental Fig.
S2J,K). Moreover, RNAs were successfully isolated from the
FMR1-FLAG neurons (Supplemental Fig. S2L).

To identify FMR1-bound RNAs, CLIP using a FLAG antibody
was performed on NPCs and neurons (Fig. 1D) differentiated from
the three FLAG hPSCs (red in Fig. 1C; FLAG in Fig. 1E) with their
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parental hPSCs serving as negative controls (red in Fig. 1C; WT in
Fig. 1E). To increase the rigor of target selection, two negative con-
trols were included for each FMR1-FLAG-CLIP: (1) CLIP on WT
NPCs or neurons (WT in Fig. 1E); and (2) size-matched input
(SMI as described in eCLIP) of the FMR1-FLAG NPCs or neurons
(SMI in Fig. 1E). RNAs isolated from CLIP and SMI were converted
to stranded cDNA libraries for Illumina sequencing (Fig. 1E).

Principal component analysis of the sequencing data shows
that samples were clustered by experimental groups (CLIP, WT,
and SMI) in both NPCs and neurons (Fig. 2A) and that there
was a high correlation between replicates of CLIP samples but
not between differential experimental groups (Supplemental Fig.

S3A–C), demonstrating the robustness of our neural differentia-
tion and modified CLIP method for isolation of FMR1 targets.
Analysis of read distribution across gene subregions revealed
enriched binding of FMR1 in coding sequences (CDSs) of genes
compared to untranslated regions (5′ UTR and 3′ UTR), whereas
a similar pattern was not observed in either the SMI control or
the WT control samples (Fig. 2B). These results are consistent
with previous characterization of FMR1 targets in mice (Darnell
et al. 2011), supporting successful isolation of FMR1-bound
RNAs from human neural cells.

FMR1 targets were defined as significantly enriched (P<0.05
and fold change>1.3) (Supplemental Table S1) in FLAG samples

A B

C

D

E

Figure 1. Generation of FMR1-FLAG hPSCs and neural cells for CLIP. (A) Schematic diagram of one-step seamless genome editing using CRISPR-Cas9. A
Cas9-sgRNA plasmid also confers puromycin resistance (puroR) which allows for a temporary selection to obtain seamless genome editing in ∼2 wk.
(B) Diagram of generation of FMR1-FLAG hPSCs using CRISPR-Cas9 and a donor plasmid for FLAG knock-in. Exons of FMR1 are shown as blue boxes.
TAA indicates the position of a stop codon. HA represents homology arm, and crossed dash lines depict homology-directed recombination.
(C) Western blot detecting FMR1 or FLAG in FMR1-FLAG and WT hPSCs, GAPDH as a loading control. hPSC lines in red were used for experiments.
(D) Diagram of neural differentiation of hPSCs. Neuroepithelial cells (NEP) were differentiated from hPSCs by dual SMAD inhibition followed by patterning
to forebrain dorsal NPCs (dNPC) and ventral MGE-like NPCs (vNPC) by modulating the SHH pathway. Patterned NPCs were further differentiated to neu-
rons. (E) Flow chart of CLIP-seq. Both FMR1-FLAG and control (WT) cells were subjected to UV crosslinking. RNAs were partially digested by RNase I and
FMR1-bound RNAs were immunoprecipitated using a FLAG antibody. Immunoprecipitated RNAs (and background levels of RNAs) were ligated to a fluo-
rescent 3′ adapter for visualization (green) and reverse transcription. Randomers were incorporated in the RT primer to allow for removal of duplicated
Illumina reads from individual cDNAs. A size-matched input (SMI) control, RNAs from FMR1-FLAG cells that were not immunoprecipitated but size-select-
ed, was also used as a control.
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over both WT and SMI control samples (Fig. 2C). Published CLIP
experiments often lack the inclusion of CLIP of cells that do not
have the antigen recognized by the antibody used for CLIP. We
found that our WT control (CLIP of parental lines without FLAG
tag) served as an important control for reducing false positives
(Fig. 2C), demonstrating the importance of including these rigor-
ous controls for CLIP-seq (Van Nostrand et al. 2017). The use of
both WT and SMI controls allowed us to stringently select FMR1

targets, such as MAP1B (Fig. 2D), and reduce false positives, such
as the highly expressed coding gene GAPDH (Fig. 2E) and noncod-
ing gene MALAT1 (Fig. 2F). RNAs of 1653 genes were identified as
FMR1 targets with 1232 genes from dNPC, 1234 from vNPC, 629
from dNeuron, and 721 from vNeuron groups (Fig. 2G; Supple-
mental Table S1). Of the 1653 targets, 1650 were protein-coding
genes, consistent with the function of FMR1 as a translation regu-
lator. FMR1 targets were validated by RNA immunoprecipitation-

A B
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D

E

F

H

Figure 2. Identification of FMR1 targets by CLIP in human neural cells. (A) PCA plot of CLIP-seq data. Color and shapes represent experimental conditions
and cell types. (B) Line plots show relative distribution of reads over gene elements. (5′ UTR / 3′ UTR) 5′ and 3′ untranslated region, (CDS) coding sequence.
Reads mapped to protein-coding genes of all samples were used for the analysis. Lines and shades represent mean ± SE. (C) Representative scatter plot of
log2(fold change) (cell: dNPC) shows that FMR1 targets (red) were defined as significantly enriched in the FLAG group over bothWT control (blue) and SMI
control (green).Gray geneswerenot significantly enriched in the FLAGgroupover either control. (D–F) Visualizationof readsby IntegrativeGenomics Viewer
(IGV) (Thorvaldsdottir et al. 2013) on representative FMR1 target,MAP1B (D), and nontargets,GAPDH (E) andMALAT1 (F). Tracks of dNPC are shown. Scale
of height (RPM) is the same for all tracks in the same panel. (G) Venn diagram showing overlaps of FMR1 targets identified in four cell types analyzed. (H)
Analysis of length distribution of FMR1 targets in various cell types. Line plots shownormalized ratio of number of targets to number of background genes at
1000-bpwindows ofmRNA lengths. The random sets were the same number of genes randomly picked from the background genes (protein-coding genes
with a RPKM>0.1). P<2.2 × 10−16 for each of the four cell types, two-sample Kolmogorov–Smirnov test comparing targets to background genes.

Li et al.

364 Genome Research
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.251405.119/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.251405.119/-/DC1


qPCR (Supplemental Fig. 3D,E), and dysregulation of some FMR1
target protein levels was also observed in neurons (Supplemental
Fig. S3F–I).

We then compared the target genes identified in human
NPCs and neurons with published CLIP data sets from human
HEK293 cells (referred to hereafter as Ascano) (Ascano et al.
2012), human post-mortem brain (referred to hereafter as Tran)
(Tran et al. 2019), and mouse brains (referred to hereafter as
Darnell and Maurin) (Darnell et al. 2011; Maurin et al. 2018).
Because NPCs are proliferative, we compared the targets identified
in dNPC and vNPC with Ascano data on proliferating HEK293
cells. Although there is significant overlap with the Ascano data
(Supplemental Fig. S4A,B), most FMR1 targets in HEK293 cells
were not identified as FMR1 targets in the NPCs, and the FMR1 tar-
gets identified in the NPCs but not HEK293 cells were enriched in
genes associated with neural differentiation (Supplemental Fig.
S4C). Hence, FMR1 targets identified in human NPCs provide a
more relevant reference for studying FMR1 functions during neu-
rodevelopment, and sowe excluded theAscanodata in subsequent
analyses.

To examine the patterns of overlap of FMR1 targets identified
in our study and published studies on brain tissues, we applied
Gaussian mixture model clustering on the union of hits identified
in our human neural cells and published mouse (Darnell et al.
2011; Maurin et al. 2018) and human (Tran et al. 2019) brain tis-
sues, resulting in a total of 2620 genes (Supplemental Fig. S4D).
Clusters 1–8 were largely composed of the CLIP targets identified
in our study and were enriched for both known functions of
FMR1, such as neuronal development, dendritic transport, and
synaptic processes, and more general processes of histone modifi-
cation and cytoskeleton organization. Cluster 9 and 10 specifically
comprised previously identified FMR1 targets in mouse and hu-
man brains (Darnell et al. 2011; Maurin et al. 2018; Tran et al.
2019) and were enriched primarily for neuronal synapse processes
(Supplemental Fig. S4E). Hence, we successfully identified FMR1-
bound RNAs from human NPCs and neurons using FMR1-FLAG
hPSCs and CLIP.

Motif analysis of high-confidence FMR1-binding sites in our
identified targets revealed a top motif, UGGA, which is consistent
with previously identified FMR1-binding consensus sequences
(Supplemental Fig. S4F; Ascano et al. 2012; Maurin et al. 2018).
We also observed higher FMR1 binding of mRNAs containing
G-quadruplex in three of the four cell types (Supplemental Fig.
S4G), consistent with reports that FMR1 binds G-quadruplex in
RNAs (Guo and Bartel 2016). Length distribution analysis showed
that FMR1 targets were significantly longer compared to all ex-
pressed protein-coding genes (P<2.2 ×10−16, Kolmogorov–Smir-
nov test) (Fig. 2H), corroborating a recent ribosome footprinting
study showing that FMR1 preferentially regulates the translation
of large proteins (Greenblatt and Spradling 2018). Taken together,
the results support the idea that FMR1 preferentially binds long
mRNAs to regulate their translation.

FMR1-KO NPCs exhibit delayed neural differentiation

To integrate identification of FMR1 targets in human NPCs and
neurons with the impact of FMR1 on downstream gene expres-
sion, we analyzed the transcriptome of cells lacking FMR1. We
generated isogenic FMR1 knockout (FMR1 KO) hPSC lines from
the same WT hPSC lines used to create FMR1-FLAG lines (H1,
H13, and GM1). FMR1 KO lines were generated using CRISPR-
Cas9 with a sgRNA targeting the third exon of the FMR1 gene to

induce frameshift mutations (Fig. 3A). We selected clones with
the same 7-bp deletion at the sgRNA targeting site in all three
hPSC lines resulting in premature stop codons (Fig. 3B) for subse-
quent experiments. KO hPSCs had normal morphology, normal
karyotypes, expressed stem cell markers, and had no detectable
off-target mutations (Supplemental Fig. S5A–C). FMR1 levels
were undetectable in all three KO hPSC lines (Fig. 3C). Following
differentiation as described above (Fig. 1), highly enriched fore-
brain NPCs and neurons were obtained from the three pairs of iso-
genic KO and parental (WT) hPSCs, and the absence of FMR1 was
confirmed by immunofluorescence in the KO hPSC differentiated
cells (Supplemental Fig. S5D–H).

Transcriptomic analysis of KO NPCs and neurons showed
clearclusteringof the samplesbycell typesbyprincipal component
analysis (PCA) (Supplemental Fig. S6A). The distinct gene expres-
sionpatterns in the four cell types confirmed successful dorsal/ven-
tral patterning and neuronal differentiation. We identified 363
differentially expressed genes (DEGs) in KO dNPCs compared to
isogenic parental dNPCs (Fig. 3D) and 287DEGs in vNPCs (Supple-
mental Fig. S6B,C; Supplemental Table S2). The 277 up-regulated
genes in KO dNPCs showed enrichment in pathways related to
cell cycle regulation, chromatin assembly, oxidative stress, ATP
production, and ribosomal functions (Fig. 3E), while the 86
down-regulated genes were enriched for neuronal differentiation
and synaptic functions (Fig. 3F), as assessed by Gene Ontology
(GO). The results suggest that the KO dNPCs aremore proliferative
and less differentiated compared to controls. Indeed, most of the
up-regulated geneswere expressed higher in dNPCs than in dNeur-
ons (dNPC enriched genes), while most of the down-regulated
genes were dNeuron-enriched genes (Fig. 3G). We then assessed
proliferation of KO dNPCs using pulse labeling by a thymidine an-
alog EdU (Fig. 3H) and found that, indeed, KOdNPCs incorporated
moreEdUcompared to isogenicWTcontroldNPCs, confirming the
increased proliferation and DNA replication in KO NPCs (Fig. 3I).
Compared to NPCs, relatively few genes were differentially ex-
pressed in KO neurons; 6 DEGs were identified in dNeuron and
55 in vNeuron (Supplemental Fig. S6D,E; Supplemental Table
S2). Although the number of DEGs in KO neurons is small, their
changes can still provide insight into the effect of FMR1 KO on
the transcriptome. Therefore, we applied a GMM-based clustering
approach to the30,644measuredgenes inourRNA-seqdata (Meth-
ods). The DEG genes are contained in clusters (Supplemental Fig.
S6F) exhibiting significant up-regulation (Cluster 1) and high
(Cluster 2) and moderate (Cluster 3, 5) down-regulation in NPCs
compared to neurons (two-sided t-test, P value <0.05) (Supplemen-
tal Methods). Up-regulated clusters are enriched in pathways asso-
ciated with transcription, DNA damage and replication, and cell
cycle, while the down-regulated clusters were enriched for func-
tions specific to the nervous system (e.g., nervous system develop-
ment, synaptic transmission, neurotransmitter processes). Taken
together and consistent with previous findings that FXS NPCs dis-
play a more immature phenotype (Doers et al. 2014; Motanis and
Buonomano 2015; Telias et al. 2015), our results suggest a delayed
differentiation from NPCs to neurons in the absence of FMR1.

FMR1 regulates gene networks important for neural cell functions

We next combined our FMR1 CLIP-seq and FMR1 KO RNA-seq
data to assess the utility of analyzing both the binding and KO
data together as opposed to considering each measurement alone
for understanding FMR1’s overall function in human developing
neural cells. A direct comparison of these two sets of NPC data
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showed limited overlap between CLIP-seq and RNA-seq data (Sup-
plemental Fig. S7), and we hypothesized that this lack of overlap
could be because specific FMR1 gene targets are different from dif-
ferentially expressed genes, but they are functionally related as
gene sets. FMR1 could regulate translation of its direct targets,
and some of these targets, for example, transcription factors,
may affect transcription of other genes. To test this hypothesis
and investigate cell type–specific regulation by FMR1, we applied
a new network-based analysis framework, comprising graph diffu-
sion (Yeger-Lotem et al. 2009; Huang et al. 2013; Chasman et al.
2016a) and graph clustering to identify subnetworks that could
better explain the relationship among the CLIP-seq and RNA-seq
data. Within each cell type, we used graph diffusion to obtain
the top 5% of genes that were most connected to the CLIP and
RNA hits. We created a weighted network that included these
top 5% nodes and the CLIP and RNA hits across all cell types span-
ning a total of 1810 genes.We next applied amultitask graph clus-
tering approach to identify 45 subnetworks in each of the four cell
types simultaneously (Fig. 4A–D; Supplemental Fig. S8; Supple-

mental Table S3). With the exception of dNeuron, which had
very few mRNA hits, many of the clusters included both mRNA
and CLIP hits (dNPC: 37 clusters, vNPC: 32, vNeuron: 17) (Supple-
mental Fig. S8; Supplemental Table S3A). Some clusters exhibited
cell type–specific patterns (Fig. 4E; Supplemental Fig. S9A,B; Sup-
plemental Table S3A; Supplemental Methods), while others were
shared across the neurons (15 clusters), NPCs (nine clusters), or
all four cell types (15 clusters). The common clusters were enriched
in functions such as neurogenesis, mRNA splicing, DNA damage
response, protein modification, and catabolism, which likely re-
flect common functions of FMR1 across different cell types and
developmental stages (Supplemental Table S3B). Cluster #12, en-
riched in nodes of Ranvier, was uniquely identified in neurons,
suggesting distinct functions of FMR1 in neurons compared to
NPCs. Likewise, cluster #24 was specific to ventral cells and exhib-
ited enrichment for “actomyosin structure organization,” impli-
cating a role of FMR1 in early development and migration of
ventral inhibitory neurons that require actomyosin-dependent cy-
toskeleton remodeling (Tielens et al. 2016; Silva et al. 2018). The

A B
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D E F
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Figure 3. Transcriptomic analysis of NPCs and neurons derived fromWT and FMR1-KO hPSCs. (A) Schematic diagram of generation of isogenic FMR1 KO
hPSCs using a seamless CRISPR-Cas9 strategy. (B) Sanger sequencing shows a 7-bp deletion in the FMR1 gene and a premature stop codon of FMR1 KO cells.
(C ) Western blot confirming knockout of FMR1 in FMR1 KO hPSCs, GAPDH as a loading control. hPSC lines in red were used for experiments. (D) Volcano
plot of gene expression in WT and FMR1 KO dNPCs. (E) GO enrichment of the 277 genes up-regulated in FMR1 KO dNPCs. (F) GO enrichment of the 86
genes down-regulated in FMR1 KO dNPCs. (G) Violin and box plots of up-regulated (up) and down-regulated (down) genes in KO dNPCs with respect to
their expression levels in dNPCs and dNeurons (Box plot: center line, median; box limits, upper and lower quartiles; whiskers, 1.5× interquartile range). (H)
Representative images of EdU incorporation assay of dNPCs derived from H1WT and KO hPSCs (scale bar, 50 µm). (I) Quantitative analysis of the percent-
age of EdU+ dNPCs (mean± SE; dots and lines show batches of differentiation; P=0.02, paired t-test, two tails).
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Figure 4. Cell type–specific network clusters of CLIP- and RNA-seq integrative network analysis. (A–D) Cell type–specific network clusters for dNPC
(A), vNPC (B), dNeuron (C), and vNeuron (D), identified from our integrative network clustering analysis approach using CLIP and RNA-seq data simulta-
neously. Node colors correspond to a cluster assignment, and the size of the node is proportional to node diffusion values, which assess the network prox-
imity to the CLIP- and RNA-seq hits. Colors correspond to 13 clusters, seven of which are conserved across all cell types (9, 14, 18, 26, 34, 36, 38) and six
clusters that exhibit cell type–specific patterns either among the NPC versus neurons or dorsal versus ventral cell types (4, 12, 16, 19, 20, 24). (E) Enriched
Gene Ontology (GO) processes in the 13 clusters depicted in A–D. Cluster IDs and color coding are the same as in A–D. Red-white heat maps show sig-
nificance of enrichment in a cluster from a particular cell type (−log10(FDR), hypergeometric test).
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clusters are significantly different from those obtained from ran-
domized inputs and from CLIP- and RNA-seq alone, suggesting
that, although there is low overlap between the mRNA and
CLIP hits, the clusters reveal related relevant pathways, demon-
strating the importance of network-based integration (Supplemen-
tal Table S5A).

To prioritize gene hubs in the CLIP-seq and RNA-seq data, we
ranked each gene based on their proximity to the CLIP- and RNA-
seq hits in each cell type. We used a combination of the graph
diffusion score (described above), CLIP-seq signal, and the number
of edges associated with a gene. We selected the top 1% of genes
(193 genes across all four cell types) as gene hubs for further inter-
pretation and experimental validation (Supplemental Table S4).
We identified 17 gene hubs that are shared across all four cell types,
20 genes that are common in NPCs only, and nine genes that are
common in neurons only. Gene hubs prioritized using both
RNA-seq and CLIP-seq data have significantly lower overlap than
when diffusing from random gene sets or from RNA-seq and
CLIP-seq hits alone (Supplemental Table S5B). These hubs also
more accurately reveal genes associated with neuronal processes
(Supplemental Fig. S10) than when using RNA-seq or CLIP-seq
alone, further highlighting the importance of considering both
types of measurements for understanding FMR1 function. The
hubs fell in the common clusters (Cluster #16: RB1, Cluster #19:
AP2A1, and Cluster #25: PTPN11, FYN) as well as in cell type–spe-
cific clusters (e.g., NPC-specific hubs, Cluster #4: ATM, Cluster
#15: HSPA4, and neuron-specific hubs, Cluster #12: ANK1,
Cluster #34: AR, Cluster #20: PKN1). Several of these hubs have
also been associated with neurodegenerative or cognitive diseases
(e.g.,ABL1,CREBBP,CTNNB1,MED12, PPP2R1A, SMC1A, PIK3CA)
(Supplemental Table S4), providing support for the relevance of
identified genes for the human brain (Piñero et al. 2017).

We experimentally validated several of the prioritized hubs.
Among the top hubs in dNeuron were PIK3CB and SEC24C (Fig.
5A). We validated the regulation of PIK3CB and SEC24C by
FMR1 by RIP-qPCR and immunoblot (Supplemental Fig. S3).
PIK3CB is novel to our study and was identified as an FMR1 target
in both dNPCs and dNeurons. Indeed, up-regulation of PIK3CB ac-
tivities contributes to both neuronal and behavioral deficits of
FMR1-deficient mice, which can be rescued by PI3K inhibitors
(Gross et al. 2010, 2015). SEC24C is a component of the coat pro-
tein complex II that plays a role in intracellular transport from ER
and has been shown to be essential for neuronal homeostasis in
both mouse brain and hiPSC-derived neurons (Wang et al.
2018). Sec24c has been identified as a FMR1 target in CLIP from ju-
venile mouse brains (Maurin et al. 2018) but not adult human
brains (Tran et al. 2019). The validated top hub in vNeuron,
KIF3B (Fig. 5B), was also identified in a CLIP data set of human
cortex (Tran et al. 2019) and plays an important role in axon estab-
lishment through polarized trafficking of critical components
(Ichinose et al. 2019). Other top validated hubs in vNeuron includ-
ed CTNNB1, EIF4G1, and CREBBP. CTNNB1 is down-regulated in
vNeuron (Supplemental Fig. S3I) while up-regulated in dNPCs
(Supplemental Fig. S11B), with no change in other cells, suggest-
ing cell type–specific regulation by FMR1. EIF4G1 is a key compo-
nent in protein translational initiation in many cell types,
including neurons, and its dysregulation is implicated in neurode-
generative Parkinson’s disease (Taymans et al. 2015). Although
direct association between EIF4G1 and FMR1 has not been shown
previously, translational dysregulation is a clear consequence of
FMR1 deficiency both in animal models and in humans (Richter
et al. 2015). CREBBP is a transcription factor whose expression is

critical in neurodevelopment, and its intrinsic histone acetyltrans-
ferase activity may contribute to altered histone acetylation seen
in FMR1-deficient mouse brains and mouse adult NPCs (Korb
et al. 2017; Li et al. 2018).

To investigate the mechanism that FMR1 affects transcrip-
tional changes by regulating protein levels of targets such as tran-
scription factors and signaling proteins, we used an Integer Linear
Programming (ILP)-based approach (Chasman et al. 2016b) to
identify regulatory networks connecting FMR1 to such transcrip-
tional regulators mediating large-scale transcriptomic changes
(Supplemental Table S5C; Supplemental Fig. S11D,E). One such
network focused on CTNNB1 (encoding catenin beta 1), which
was among the top ranked FMR1 targets that regulate DEGs in
dNPC (Fig. 5C). While the RNA level of CTNNB1 did not show a
significant change in FMR1 KO dNPC, its protein level was elevat-
ed in KO dNPC (Supplemental Fig. S11). Our analysis indicated
that catenin beta 1 regulates genes related to ribosome biogenesis
(Fig. 5C). The ribosomal genes regulated by catenin beta 1 were el-
evated in FMR1 KO dNPC (Supplemental Fig. S11C), consistent
with a previous report that catenin beta 1 promotes ribosome bio-
genesis (Davuluri et al. 2019). Taken together, our results show
that studying FMR1 at multiple regulatory levels through our net-
work-based approach can identify components of important cellu-
lar functions regulated by FMR1 in human neural cells. These
network clusters and gene hubs validate some of the animal stud-
ies and point to novel functional targets for furthermechanistic in-
vestigation of FXS.

Human FMR1 targets are associated with FXS and autism
phenotypes

FXS is characterized by cognitive disability, anxiety, attention def-
icit, language delay, and physical features such as large ears and
long faces (Kaufmann et al. 2017). To examine how gene regula-
tion by FMR1may contribute to characteristics of FXS and autism,
we compared FMR1 targets, the prioritized gene hubs and the sub-
networks comprising FMR1 targets to genes associatedwith autism
risk genes (SFARI) (Abrahams et al. 2013) and a published list of IQ
genes (Savage et al. 2018).We discovered significant overlap of our
data with both data sets (Fig. 6A; Supplemental Table S6A). For ex-
ample, high-confidence syndromic autism risk genes, ADNP,
ARID1B, KMT2A, and TRIP12, were FMR1 targets in both NPCs
and neurons (full list in Supplemental Table S6A). The significant
association with IQ genes is consistent with lower IQ scores in the
majority of FXS patients. We next performed gene-disease asso-
ciation analysis on the targets, the prioritized gene hubs, and the
subnetworks comprising FMR1 targets using a large database of
gene-human disease association, DisGeNET (Fig. 6B; Piñero et al.
2017). Intellectual disability is among the top enriched disease fea-
tures by the FMR1 targets, prioritized gene hubs, and subnetworks
and is increased when considering the prioritized hubs in both
NPCs and neurons (Fig. 6B; Supplemental Table S6B–F). Other
brain function-related FXS features were also significantly en-
riched, including hyperactive behavior, autistic disorder, ADHD,
and aggressive behavior (Fig. 6B). Besides the FXS-related charac-
teristics, FMR1 target genes were also significantly associated
with other FXS-related non-neural characteristics, such as muscle
hypotonia, implying common molecular regulation by FMR1 in
other cell types. Moreover, several of the clusters of FMR1 targets
were also enriched for features of FXS diseases in all cell types
(Cluster #16 and Cluster #25) (Supplemental Fig. S12) as well as
in a cell type–specific manner (Cluster# 4 and #45 in dNPCs,
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Figure 5. Hub genes and subnetworks in neural cells. (A,B) Hubs in dNeuron (A) and vNeuron (B) and the subnetworks consisting of the first neighbor
genes of hubs. Node shapes discriminate between hits and nonhits and different types of hits. CLIP-seq target (square), RNA-seq DEG (triangle), both (di-
amond), and network prioritized genes (circle). Node sizes correspond to diffusion score, and node colors correspond to cluster assignments. (C ) A pro-
posed model of the relationship between FMR1 CLIP-seq targets and DEGs. Here, CTNNB1, which has been identified as an FMR1 direct target, encodes a
predicted transcription factor regulating 16 DEGs. Node sizes and colors correspond to diffusion score and cluster assignment, respectively.
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Cluster #34 in neurons). Taken together, analyzing the data at the
entire target set level, additional prioritizednodes, and the individ-
ual subnetworks, shows that FMR1 targets in human NPCs and
neurons are significantly associated with prominent symptoms
of FXS patients as well features broadly associated with a number
of neurological disorders.

Discussion
In this study, we addressed the difficulty of identifying genome-
wide FMR1 targets in human neural cells and discovered that hu-
man FMR1 targets include cell type–specific as well as shared
gene sets across dorsal and ventral forebrain NPCs and neurons.
Target genes are enriched in pathways critical for neurodevelop-
ment and are associated with clinical phenotypes of FXS and au-
tism. Integrative network analyses of CLIP data together with
transcriptomic data identify molecular subnetworks and gene
hubs, several of which have an important role in human
neurodevelopment.

Several factors have been hypothesized to mediate target se-
lection by FMR1, including binding to consensus sequencemotifs,
RNA secondary structure (RG4), and subregions of the gene body.
While motif analysis shows that FMR1 preferentially binds certain
motifs (Ascano et al. 2012; Maurin et al. 2018; and this study), the
motifs aremore degenerate than formany other RNA-binding pro-
teins and are thus poor predictors of FMR1 targets. Binding of
FMR1 to RG4 has also been reported in mouse brain (Maurin
et al. 2018), and our analysis also indicates preferential binding
of RG4-containing RNAs by FMR1. However, we did not observe
a consistent preference of binding to RG4-containing RNAs; bind-
ing preference was not observed in dNeuron and was only mildly
indicated in the other three cell types. FMR1 binding has also been
shown to be preferential to the coding region (CDS) ofmRNAs ver-
sus to 5′ and 3′ UTRs in mouse (Darnell et al. 2011), and we con-
firmed this in our study. Binding to CDSs is considered to be
related to the translational regulation of FMR1 targets. In addition,
our analysis indicates that FMR1 preferentially binds longer RNA
targets. Ribosome profiling inDrosophila showed that genes dysre-
gulated at translation are longer (Greenblatt and Spradling 2018),
suggesting that dysregulated genes were directly bound by FMR1.
Thus, our results corroborate different aspects of FMR1 binding
that have been reported and extend the finding by showing for
the first time that FMR1 binds long RNAs in human cells.

We have identified FMR1 targets in four types of human neu-
ral cells. Many FMR1 targets (39%–77%) are shared between cell
types, suggesting common FMR1 target selection and potentially
similar functions. Indeed, GO analysis indicates that FMR1 targets
in all four types of neural cells are involved in neurogenesis.
Moreover, we also identified FMR1 targets that were specific to cer-
tain cell types. For example, therewere 137 FMR1 targets identified
in neurons that were not identified in NPCs (Fig. 2G), signifying
neuron-specific targets. The top enriched GO biological process
by the NPC-specific targets included regulation of cell cycle and
gene regulation, whichmay contribute tomacrocephalymanifest-
ed in some individuals with FXS and autism. FMR1 targets in the
ventral (vNPC/vNeuron) but not dorsal (dNPC/dNeuron) neural
cells were enriched in cell junctions, ATP binding, and cytoskele-
ton, suggesting that FMR1might play a role in the unique tangen-
tial migration of the ventrally derived neural cells to the dorsal
cortex.

CLIP has been carried out on mouse brains to explore direct
targets of FMR1 (Brown et al. 2001; Darnell et al. 2011; Tabet
et al. 2016; Maurin et al. 2018). The first attempts at identifying
human FMR1 targets using CLIP used human immortalized cell
lines derived from peripheral nonneural tissues (Ascano et al.
2012; Van Nostrand et al. 2016, 2017) and, recently, post-mortem
adult human frontal cortical tissues (Tran et al. 2019). Although
therewas overlap between FMR1 targets we identified in the neural
cells and those identified in the human post-mortem tissues, the
majority of FMR1 targets were not shared between the two types
of human samples (Fig. 4). This discrepancy can be attributed to
differences in experimental design between studies, different cell
types analyzed, and different analysis methods used. It will be use-
ful to use our paradigm to identify FMR1 targets in more mature
human neurons generated through long-term culture.

Effects of FMR1 on downstream gene expression have been
examined in FXS-iPSC-derived neural cells, in which FMR1 expres-
sion is lost or significantly reduced. Microarray and RNA-seq have
been performed on cells of different developmental stages during
neural differentiation from hPSCs (Bittel et al. 2007; Halevy et al.
2015; Lu et al. 2016; Boland et al. 2017). Although aberrant

A
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Figure 6. Disease and phenotype enrichment of FMR1 targets and pri-
oritized genes in human neural cells. (A) Heatmap of enrichment of autism
risk genes and IQ-related in our CLIP-seq target set (left) and network dif-
fusion-based augmented gene sets (right). (B) Heat map of enrichment of
genes associated with neuronal diseases and symptoms fromDisGeNet, in
our CLIP-seq (left) and network diffusion augmented gene sets (right) in
each of the four cell types. Enrichment was tested using FDR-corrected hy-
pergeometric test. Numbers indicate −log10(FDR). Network diffusion-
based gene sets include genes that were in the top 5% after diffusion.
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expression of neural differentiation-related genes was identified in
all the studies, inconsistencies were observed between the studies.
Halevy et al. (2015) found that genes related to neuronal differen-
tiation were down-regulated in neurons derived from FXS-iPSCs
compared to controls and the dysregulation could be attributed
to elevated REST expression. Boland et al. (2017) showed that dys-
regulated genes during neural differentiation were associated with
cell signaling and cellmigration, also implying defects in neuronal
differentiation from FXS-iPSCs. In contrast, Lu et al. (2016) found
that genes related to early neuronal differentiation were up-regu-
lated in FXS-iPSC derived neurons. All three studies used controls
from different genetic backgrounds that may identify characteris-
tics that are due to inter-individual differences rather than lack
of FMR1 specifically. In addition, mosaic FMR1 gene inactivation
is frequently found in FXS individuals and cells (Santoro et al.
2012), including the cells used in Boland et al. (2017), making it
difficult to define bonafide FMR1 regulation. Using isogenic
FMR1-KO neural cells from three hPSC lines, our stringent tran-
scriptomic analysis identifiedDEGs associatedwith delayed neural
differentiation. A caveat is that FMR1 is lost before neural differen-
tiation in both FXS-iPSCs and our isogenic KO hPSCs, whereas in
FXS patients, FMR1 is gradually lost during embryonic brain devel-
opment (Willemsen et al. 2002). It has been shown that human
ESCs derived from FXS embryos recapitulate the gradual loss of
FMR1 during neural differentiation and also display deficits in ear-
ly neural differentiation as manifested by prolonged neuroblast
state and delayed neuronal differentiation (Telias et al. 2015).
However, limited availability of these FXS hESCs and inability to
consistently control methylation prevents extensive characteriza-
tion and application of these cells (Avitzour et al. 2014).

Network-based integrative approaches are powerful for recon-
ciling complementary gene sets obtained from different omic
methods by identifying nodes that are not detected solely by one
technology but are important connectors between these gene sets
(Chasman et al. 2016a). We provide a novel application of this ap-
proach, enabling a more comprehensive view of the FMR1 gene
network than that obtained using one omic data type alone. We
were able to prioritize the genes based on their connectivity to
the genes identified using complementary assays. These genes
were more significantly different from random and recovered neu-
ronal genes much better than when using gene sets inferred from
each data type alone. In addition, using our innovative approach,
we tested the hypothesis that FMR1 may regulate translation of
transcriptional regulators which in turn affects transcription of
downstream genes observed in RNA-seq data. One example is the
FMR1-CTNNB1-ribosome RNA network (Fig. 5C; Supplemental
Fig. S11). Dysregulated ribosome biogenesis has recently been im-
plicated in pathogenesis of neurodevelopmental syndromes (Het-
man and Slomnicki 2019). Enhanced ribosome biogenesis leads
to increased neural progenitor proliferation and macrocephaly
(Chau et al. 2018), supporting our observed phenotype in FMR1
KO dNPCs (Fig. 3) and consistent with macrocephaly in FXS. Dys-
regulated ribosomebiogenesishas alsobeenassociatedwithcranio-
facial dysmorphology (Ross and Zarbalis 2014), a characteristic of
FXS. One limitation of our network-based approach is its reliance
on existing functional networks, which can be context-unspecific.
While our two-step diffusion approach infers a context-specific
network, one future direction is to construct a cell type–specific
network leveraging public transcriptome data sets as the back-
ground networks.

In summary, we have developed several state-of-the-art strat-
egies that can be broadly applied to studies of RNA-BPs. The iden-

tification of FMR1 targets specifically in inhibitory neurons is the
first of its kind in any species. Our results provide the first genome-
wide identification of FMR1 targets in human neurons, which, to-
gether with our genetically engineered hPSCs, new CLIP- and
RNA-seq data sets, and data analysis methods, serve asmuch need-
ed resources for FXS, autism, and intellectual disability research
communities.

Methods

Culture of human pluripotent stem cells and neural
differentiation

Human embryonic cell line H1 (WA01) and H13 (WA13) (WiCell)
and GM1 (GM00498-4) iPSC lines were maintained as described
(Li et al. 2017). Neural induction was carried out using a dual
SMAD method (Chambers et al. 2009) with modifications.
Briefly, hPSCs were differentiated to neuroepithelia (NEP) by
dual SMAD inhibition for 9 d. NEPs were then patterned to dorsal
forebrain or ventral forebrain neural progenitor cells by cyclop-
amine or SHH, respectively. To obtain neurons, the NPCs were dis-
sociated and plated on Matrigel-coated plates for terminal
neuronal differentiation.

Generation of FMR1-FLAG and FMR1-KO hPSC lines by seamless
genome editing

FMR1-FLAG and FMR1-KO hPSCs were generated by genome edit-
ing as described (Li et al. 2017). In brief, Cas9/sgRNA-expressing
plasmids and donor plasmids (plasmid construction described in
Supplemental Methods and Supplemental Table S7) were electro-
porated into hPSCs. Transfected hPSCs were transiently selected
with puromycin. In ∼2 wk, individual colonies were screened for
desired genome editing and expanded in culture for experiments.

CLIP-seq

CLIP-seq was adapted from published irCLIP and eCLIP methods
(Van Nostrand et al. 2016; Zarnegar et al. 2016). Briefly, NPCs
and neurons were crosslinked with 254-nm UV-C followed by
cell lysis and partial digestion of RNAs. FMR1-bound RNAs were
isolated by immunoprecipitation, dephosphorylated, and ligated
to a dye-labeled 3′ adapter. Samples were then resolved using
SDS-PAGE and transferred to nitrocellulose membranes. FMR1-
bound RNAs were visualized and size selected by cutting themem-
branes. Size-selected RNAs were purified by Proteinase K digestion
and ethanol precipitation. The purified RNAs were converted to
cDNAs followed by circularization of the cDNAs. cDNA libraries
were constructed from the cDNAs by PCR amplification, and li-
braries were sequenced using Illumina HiSeq 2500.

Analysis of mRNA length of FMR1 targets

Length of genes (sum of exons) was obtained from the human ge-
nome sequence and annotation files above. The normalized ratio
of targets to background was calculated as number of FMR1 targets
in each length window/number of background genes in each
length window/(total number of FMR1 targets/total number of
background genes). Statistical significance was assessed by a two-
sample Kolmogorov–Smirnov test of length distribution of FMR1
targets versus background genes.
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Integrative network-based clustering analysis to identify cell
type–specific networks from CLIP-seq and RNA-seq data

A novel graph-based clustering algorithm (Shin J, Marx H,
Minogue C, et al., in prep.) was used for the integrative analysis
of CLIP-seq and RNA-seq data: (1) graph diffusion to define cell
type–specific networks; and (2) multitask graph clustering. To
define cell type–specific networks, we integrated the FMR1 targets
identified in a particular cell type with a two-step graph diffusion
approach. This approach requires a skeleton background network
and a query set of genes. First, we applied network node diffusion
using the FRMP targets identified in a cell type as query nodes.
Second, we used the diffused node values to carry out another dif-
fusion, to obtain the diffusion weights on each edge of the graph.
The node diffusion process ranks all other genes in the network
based on their global connectivity to the input set, thus providing
ameasure of influence of the input nodes on all other nodes of the
network. We use the regularized Laplacian kernel (Smola and
Kondor 2003), used previously for network-based ranking of genes
(Köhler et al. 2008) and for semisupervised classification tasks
(Fouss et al. 2012). After the first node diffusion step, we carried
out edge diffusion, enabling us to get cell type–specific weighted
graphs where the edge weight between node i and j is proportional
to the influence of node i on j.We used the insulated heat diffusion
kernel (Vandin et al. 2011; Leiserson et al. 2015) for estimating the
effect of one node on its neighbor nodes based on their global con-
nectivity. See Supplemental Methods for details. For both diffu-
sion steps, we used the largest connected component of the
STRING network (Szklarczyk et al. 2011) as the skeleton network,
which has a total of 8076 genes and 85,721 interactions. At the
end of these two diffusion steps, we obtain a cell type–specific
weighted network for each cell type where the weights correspond
to the similarity values calculated in the last step.

To identify subnetworks in each of the cell types individually,
we applied a multitask graph-based clustering algorithm,
Arboretum-HiC, that we previously developed to cluster Hi-C ma-
trices (Fotuhi Siahpirani et al. 2016), that finds the network clus-
ters in multiple cell types by simultaneously applying spectral
clustering (von Luxburg 2007) to each cell type–specific network
while incorporating the relatedness of the cell types. To obtain
the relatedness, we used the pairwise Jaccard coefficients between
the sets of FMR1 targets from each of four cell types and applied hi-
erarchical clustering to draw a dendrogram. For each cell type, the
graph corresponded to a similarity matrix spanning nodes includ-
ing the original CLIP- and RNA-seq targets and the union of the
top 5% of the noninput set nodes from each of the four cell types,
resulting in a total of 1810 genes and 17,490 interactions (see
Supplemental Methods for details). Once clusters were defined,
we annotated them as common or cell type–specific based on
the patterns of gene content similarity (Supplemental Methods).
We tested these clusters for enrichment of Gene Ontology terms
and DisGeNET disease terms. Code is available in Supplemental
Code provided with this paper.

Prioritization of gene hubs for each cell type

For each of our four cell types, we ranked all genes using four crite-
ria: (1) global proximity to CLIP-seq hits; (2) global proximity to
RNA-seq hits; (3) number of edges which are connected to CLIP-
seq hits; and (4) log fold change values of CLIP-seq signal of the
genes. Global proximity is measured on the network by node dif-
fusion using the Laplacian kernel (Smola and Kondor 2003) de-
scribed above. For input genes, we used their diffusion score
when they were left out in the leave-one-out step of the λ param-
eter selection of the Laplacian kernel. To combine the four differ-

ent values, first we transformed each of the four values into
percentile ranks and then took an average of the percentile ranks.
We defined hub genes by taking the top 1% from the rank in each
cell type, which resulted in 193 genes in total. Code is available in
Supplemental Code provided with this paper.

Integer Linear Programming subnetwork searching analysis

To identify plausible network paths connecting FMR1 CLIP-seq
targets to the RNA-seq DEGs, first we tested DEGs for enrichment
of binding sites of TFs (FDR<0.05), using transcriptional regulato-
ry networks inferred specifically for neuronal cell types (Chasman
et al. 2019; Pearl et al. 2019). Next, we combined the transcription-
al networks with the STRING network and identified all possible
paths from CLIP targets to the TFs of DEGs allowing for 0, 1, or 2
intermediate nodes. The paths started from a CLIP-seq target
that was a TF or a signaling protein (306 genes in dorsal NPC,
278 genes in ventral NPC, 157 genes in dorsal neuron, and 163
in ventral neuron), and the end point was a TF enriched in the
DEGs. This resulted in a candidate network comprising 2866nodes
and 910,241 edges. Then, we applied an Integer Linear
Programming approach to select the minimal number of interme-
diate nodes to obtain a list of filtered, directed paths starting froma
CLIP target, which is a TF/signaling protein, and ending in a TF en-
riched in the DEGs for each cell type. We further prioritized the
paths for interpretation by scoring them based on their average
percentile ranks. From the prioritized list of paths, we took top
paths such that the union of the nodes in the selected paths is
no more than M (10 or 15), a prespecified threshold (Fig. 5;
Supplemental Fig. S11). Code is available in Supplemental Code
provided with this paper.

External gene set data sets

Ascano et al. (2012) and Darnell et al. (2011) sets of FMR1 targets
were from their published gene lists. The Maurin set of FMR1 tar-
gets used in this study was defined as genes with 15 or more reads
from themouse cortex samples, and the list was converted to 1483
human genes (Maurin et al. 2018). The Tran set of FMR1 targets
used in this study (Tran et al. 2019) was defined as genes overlap-
ping between the two brain samples. The SFARI human autistic
gene set (SFARI-Gene_genes_export18-12-2017.csv) was down-
loaded from https://gene.sfari.org/. Gene lists of IQ were from
Savage et al. (2018).

Data access
The CLIP-seq and RNA-seq data from this study have been submit-
ted to the NCBI Gene Expression Omnibus (GEO; https://www
.ncbi.nlm.nih.gov/geo/) under accession number GSE128860.
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