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ABSTRACT

RNA-binding proteins (RBPs) play pivotal roles in di-
recting RNA fate and function. Yet the current an-
notation of RBPs is largely limited to proteins car-
rying known RNA-binding domains. To systemati-
cally reveal dynamic RNA–protein interactions, we
surveyed the human proteome by a protein array-
based approach and identified 671 proteins with
RNA-binding activity. Among these proteins, 525
lack annotated RNA-binding domains and are en-
riched in transcriptional and epigenetic regulators,
metabolic enzymes, and small GTPases. Using an im-
proved CLIP (crosslinking and immunoprecipitation)
method, we performed genome-wide target profiling
of isocitrate dehydrogenase 1 (IDH1), a novel RBP.
IDH1 binds to thousands of RNA transcripts with en-
riched functions in transcription and chromatin regu-
lation, cell cycle and RNA processing. Purified IDH1,
but not an oncogenic mutant, binds directly to GA- or
AU-rich RNA that are also enriched in IDH1 CLIP tar-
gets. Our study provides useful resources of uncon-
ventional RBPs and IDH1-bound transcriptome, and
convincingly illustrates, for the first time, the in vivo
and in vitro RNA targets and binding preferences of
IDH1, revealing an unanticipated complexity of RNA
regulation in diverse cellular processes.

INTRODUCTION

Pervasive transcription of mammalian genomes gives rise to
thousands of long noncoding RNA (lncRNA) transcripts
(1–4). LncRNAs are highly versatile molecules that carry
out many regulatory functions at multiple levels in diverse
cellular processes, and their dysregulation often contributes
to human diseases (5–8). Considering that lncRNAs must
enlist proteins to execute their regulatory roles, the revela-
tion and characterization of lncRNA–protein interactions
is a prerequisite for the mechanistic dissection of the regu-
latory processes governed by lncRNAs.

RNA-binding proteins (RBPs) are well-known for their
roles in regulating RNA fate from synthesis to decay and
participating in protein translation by assisting and/or di-
recting RNAs (9). Tuschl’s group previously assembled a
repertoire of RBPs, which included all the proteins carrying
annotated RNA-binding domains (RBDs) and those reside
in well-characterized ribonucleoprotein (RNP) complexes
(9). This RBP repertoire contains 1542 RBPs, comprising
7.5% of the ∼20 500 human protein-coding genes. These
RBPs tend to be ubiquitously expressed, typically at higher
levels than average cellular proteins and transcription fac-
tors (9). Interestingly, proteome-wide surveys of mRNA
and newly transcribed RNA–protein interactomes using
mass spectrometry-based approaches in human and mouse
cells have revealed many RNA-binding proteins that were
not included in Tuschl’s RBP repertoire (10–19), suggest-
ing that novel RBPs await recognition and further charac-
terization. On the other hand, methods using immunopre-
cipitation against RBPs in the presence of RNase followed

*To whom correspondence should be addressed. Tel: +86 10 62781029; Fax: +86 10 62781029; Email: xshen@tsinghua.edu.cn
Correspondence may also be addressed to Heng Zhu. Tel: +1 410 502 0878; Fax: +1 410 502 0878; Email: heng.zhu@jhmi.edu
†The authors wish it to be known that, in their opinion, the first three authors should be regarded as Joint First Authors.
Present address: Sai Luo. Program in Cellular and Molecular Medicine, Boston Children’s Hospital; Department of Genetics, Harvard Medical School, Boston, MA
02115, USA.

C© The Author(s) 2019. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com



Nucleic Acids Research, 2019, Vol. 47, No. 5 2245

by deep sequencing [UV crosslinking and immunoprecip-
itation followed by sequencing (CLIP-seq) and derivative
methods] have revealed that a single RBP can often bind to
thousands of different RNA species at defined binding sites
in cells (20,21). Thus, the landscape of RNA–protein inter-
actions appears to be more diverse and vast than previously
appreciated.

Methods using a reverse RNA immunoprecipitation
methodology followed by mass spectrometry have been de-
veloped. For example, ChIRP-MS (chromatin isolation by
RNA purification followed by mass spectrometry) and its
derivatives, such as CHART and RAP, utilize complemen-
tary oligonucleotides as baits to capture the target RNA–
protein and RNA-DNA complexes in cells (22–25). Other
conventional methods utilizing RNA aptamer tagging and
in vitro transcribed RNA are frequently used to capture in-
teracting proteins in cells or cell lysates (25,26). When ap-
plied to lncRNAs, however, these methods often require
large amounts of starting materials to ensure a sufficient
detection level of mass spectrometry due to the paucity of
target lncRNAs expressed in cells and limited pull-down
efficiency. In addition, these approaches are heavily bi-
ased towards highly abundant RBPs, which harbor strong
RNA binding activity toward hundreds or thousands of
transcripts. Thus, high backgrounds caused by non-specific
RBPs may obscure transient or weak RNA–protein inter-
actions.

Protein microarrays have been used to detect a wide range
of protein-ligand interactions and to identify substrates of
a wide variety of enzymes involved in protein posttransla-
tional modifications (25,27–30). Previously, Zhu et al. sys-
tematically profiled protein-DNA interactions using a pro-
tein microarray-based approach and unexpectedly identi-
fied > 300 unconventional DNA-binding proteins (uDBPs).
In depth characterization of one such uDBP, a mitogen-
activated kinase ERK2, revealed that ERK2 acts as a tran-
scriptional repressor that regulates interferon gamma sig-
naling pathway (31). This study suggested that there ex-
ist many moonlighting functions of well-annotated proteins
yet to be discovered. Protein microarrays have been shown
as a useful tool to identify RNA–protein interactions (32).
For example, a previous study probed a small set of cod-
ing and noncoding RNAs to protein microarrays (i.e. Pro-
toArrays), comprised of ∼9,125 human proteins, and iden-
tified 137 RNA-binding proteins, most of which fall into the
classical RBPs with common RBDs (33). Two studies using
yeast protein microarrays revealed that several metabolic
enzymes and vesicle trafficking proteins bind to mRNAs
and total RNA from Saccharomyces cerevisiae as moon-
lighting functions (34,35). However, the confirmation and
to what extend that such unconventional RNA-binding pro-
teins exist in mammals are still not fully explored.

It has been proposed that cellular (intermediary)
metabolism and the regulation of gene expression could
be more closely networked than has been appreciated (36).
Recent proteome-wide surveys of RNA interactomes also
uncovered some metabolic enzymes, including isocitrate
dehydrogenase 1 (IDH1), to interact with mRNA and
nascent RNA transcripts in cells (10–13), although lack
of further confirmation. IDH1 catalyzes the oxidative
decarboxylation of isocitrate to �-ketoglutarate (�-KG).

Interestingly, IDH1 is often mutated at codon Arginine
132 to Histidine (R132H) in multiple human cancers,
including glioma, sarcoma, and acute myeloid leukemia
(AML) (37–41). R132H of IDH1 is a gain-of-function
mutation and confers an enzymatic activity that converts
�-KG to the oncometabolite 2-hydroxyglutarate (2HG),
which is a competitive inhibitor of �-KG-dependent DNA
hydroxylases and histone demethylases, leading to globally
elevated methylation and aberrant gene expression in
tumor cells (41,42). RNA N6-methyladenosine (m6A) is
the most prevalent RNA modification in higher eukaryotes
and has been linked to the post-transcriptional regulation
of gene expression (43–45). It was recently reported that
IDH1/2 mutations promote m6A level of total RNA in
AML (46). The idea that some metabolic enzymes, such
as IDH1, moonlight as RNA-binding proteins has been
postulated, but not tested. The relationship between IDH1
and RNA remains to be fully defined.

To identify lncRNA–protein interactomes that are highly
dynamic and exist in low abundance, we profiled binding
activities of 13 lncRNA transcripts on human proteome
arrays (HuProt). Using a highly stringent cutoff value, we
identified 671 RBPs, 525 of which lack any annotated clas-
sical RBDs. Interestingly, these unconventional RBPs are
comprised of a large number of transcriptional and epige-
netic modulators, metabolic enzymes, and small GTPases.
To further characterize novel RNA-binding activities, we
determined the RNA targets and binding preferences of
IDH1 as a representative of unconventional RBPs. We
demonstrated that IDH1 binds directly to RNA in vitro
and in vivo. In ESCs, IDH1 binds to thousands of ma-
ture RNA transcripts, the protein products of which are
enriched in functions related to transcription and chro-
matin regulation, cell cycle and RNA processing. Quanti-
tative binding studies of purified IDH1 with RNAs of de-
fined sequences show that IDH1 preferentially binds to GA-
or AU-rich, but not GC-rich, sequences in single-stranded
RNA, and showed little binding to double-stranded RNA,
single/double-stranded DNA, or RNA/DNA hybrid. In-
triguingly, the oncogenic IDH1 (R132H) mutant protein
shows a decrease or loss of the RNA-binding activity in vivo
and in vitro. Together, our work expands the current cata-
logue of protein families with novel RNA-binding activity,
and also suggests an involvement of RNA in regulating di-
verse cellular processes to a much greater degree than was
previously anticipated.

MATERIALS AND METHODS

Human protein microarray construction

Human ORF cloning using the Gateway recombinant
cloning system (Invitrogen, CA, USA) and Human protein
purification using a high-throughput protein purification
protocol as described previously (30,31).

Cell culture

ESCs expressing 3 × FLAG and biotin tagged proteins
were maintained in complete ESC culture medium: DMEM
(Dulbecco’s modified Eagle’s medium) supplemented with
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15% heat-inactivated FCS (fetal calf serum), 2 mM Glu-
taMax (100 × Life Technology), 1% Nucleoside mix (100
× stock, Millipore), penicillin–streptomycin solution (100
× stock, Life Technologies), 0.1 mM non-essential amino
acids (NEAA), 0.1 mM �-mercaptoethanol and supplied
with 1000 U/ml recombinant Leukemia Inhibitory Factor
(LIF, Millipore). ESCs were cultured on plates which were
pre-coated with 0.1% gelatin.

Protein expression and purification

Purification from yeast: plasmids expressing GST-tagged
proteins were transformed into yeast (Y258 strain). The
yeast strains were cultured in 5 ml SC-ura/glucose liquid
medium at 30◦C with shaking for >24 h to saturation.
About 50 �l–1 ml of the saturated culture was transferred to
50 ml SC-ura/raffinose liquid medium and was incubated
at 30◦C with shaking overnight. When the OD600 reached
0.7–0.9, protein expression was induced by 2% galactose
at 30◦C with shaking for 4 h. Washed cell pellets were re-
suspended by cold Lysis Buffer [50 mM Tris–HCl pH 7.5,
100 mM NaCl, 1 mM EGTA, 10% glycerol, 0.1% Triton
X-100, 0.1% �-mercaptoethanol, 1 mM PMSF and Pro-
tease inhibitor cocktail (Sigma)] and mixed with 500 �l
of zirconia beads (0.5 mm diameter). Cells were lysed by
vortex for 1 min for 12 times with 1 min intervals on ice.
Meanwhile, glutathione beads (GE Healthcare, USA) were
washed three times with cold lysis buffer without protease
inhibitors. Then, the beads were mixed with cell lysate for
incubation at 4◦C for 1 h and washed with wash buffer I
(50 mM Tris–HCl pH 7.5, 500 mM NaCl, 1 mM EGTA,
10% glycerol, 0.1% Triton X-100, 0.1% �-mercaptoethanol,
1 mM PMSF) for three times and Wash Buffer II (50 mM
HEPES pH 7.5, 100 mM NaCl, 1 mM EGTA, 10% glyc-
erol, 0.1% �-mercaptoethanol, 1 mM PMSF) for another
three times. Proteins were eluted by elution buffer (50 mM
HEPES pH 8.0, 100 mM NaCl, 30% glycerol, 40 mM re-
duced glutathione, 0.03% Triton X-100).

Purification from bacteria: plasmids expressing proteins
of interest fused with N-terminal GST tag or 6× His tag
were transformed into Escherichia coli BL21 (DE3) strain.
Bacteria were cultured in 100 ml lysogeny broth (LB) me-
dia at 37◦C with shaking for 5 h and 10 ml culture was
inoculated into 2 l LB media for amplification. When
OD600 reached 0.6, protein expression was induced by 0.5
mM isopropy-�-D-thiogalactoside (IPTG). After cultured
at 16◦C with shaking for 16–18 h, bacteria were harvested
by centrifugation at 4◦C, 4000 rpm for 15 min and pellets
were resuspended by Cell Lysis Buffer (20 mM Tris–HCl pH
8.0, 500 mM NaCl, supplied with 1 mM PMSF, 40 �g/ml
lysozyme, 1 ng/ml DNase I, 1 mM MgCl2). Cells in lysis
buffer were sonicated on ice using 50% amplification with
3 s on 7 s off for 30 min. Cell debris were removed by cen-
trifugation at 4◦C, 18 000 rpm for 1 h. For GST-tagged pro-
teins, the supernatant was loaded onto glutathione column
(Bio-Rad) and then washed by cell lysis buffer. The target
protein was finally eluted by elution buffer (20 mM Tris–
HCl pH 8.0, 20 mM reduced glutathione). Eluted proteins
were added with 2 mM DTT and 2 mM EDTA and free
glutathione was removed by ultracentrifugation using Am-
icon Ultra centrifugal filter (3 kD MWCO, Milipore). For

His-tagged proteins, the supernatant was loaded onto Ni-
NTA column (Bio-Rad) and then successively washed by
cell lysis buffer, W2 Buffer (20 mM Tris–HCl pH 8.0, 500
mM NaCl, 20 mM imidazole) and W3 Buffer (20 mM Tris–
HCl pH 8.0). The target protein was finally eluted by elution
buffer (20 mM Tris–HCl pH 8.0, 150 mM NaCl, 300 mM
imidazole).

Proteins were further purified by anion-exchange chro-
matography using Source Q column (GE® Healthcare)
with Buffer A (20 mM Tris–HCl pH 8.0, 2 mM DTT) and
Buffer B (20 mM Tris–HCl pH 8.0, 1 M NaCl, 2 mM
DTT). Target proteins were concentrated and finally puri-
fied by size-exclusion chromatography using Superdex 200
10/300 GL column (GE® Healthcare) in SEC Buffer (20
mM Tris–HCl pH 8.0, 150 mM NaCl, 2 mM DTT). Pu-
rity of proteins were checked by SDS-PAGE and concentra-
tions were measured by Nanodrop™2000 spectrophotome-
try (Thermo Scientific) according to the A280 absorbance
and divided by extinction coefficient acquired from Ex-
pasy ProProm website (http://web.expasy.org/protparam/).
Aliquots of proteins were stored in –80◦C.

IDH1 protein consists of 414 residues and the theoretical
molecular weight is 49.9 kD. A single and symmetric peak
with elution volume around 13 ml in Superdex 200 10/30
GL column indicated that the recombinant IDH1 forms a
stable homodimer, free of nucleic acid contamination. And
purified IDH1 is active as an isocitrate dehydrogenase re-
vealed by kinetics assay.

HuProt arrays and data analysis

Purified human proteins were arrayed in a 384-well format
and printed on FAST slides (Whatman, Germany) in du-
plicate. The protein chips were blocked with 3% BSA in hy-
bridization buffer (25 mM HEPES pH 8.0, 150 mM NaCl, 8
mM magnesium acetate tetrahydrate, 3 mM DTT, 0.1% Tri-
ton X-100, 10% glycerol, 100 �g/ml yeast tRNA, 20 �g/ml
heparin) at 4◦C for 1.5 h. Then, the blocking buffer was
drained and protein chips were immediately incubated with
a Cy5-labeled lncRNA at final amount of 20 pmol in hy-
bridization buffer with RNase inhibitor at 4◦C for 1.5 h.
The chips were washed three times by TBS-T buffer for 10
min each and followed by twice washes with ddH2O for 10
min every time. The slides were finally scanned at 635 nm
with a GenePix 4000 scanner (MDS Analytical Technolo-
gies, CA, USA) and the binding signals were acquired using
the GenePix software. Data quantification process using a
protocol as previously described (31,47). Z-scores of rep-
resentative RNA–protein interactions were visualized with
a heatmap by TreeView. Gene Ontology analysis and do-
main analysis of RNA binding proteins was performed with
DAVID (https://david.ncifcrf.gov/).

In vitro pull-down assay by RNAs

Biotin labeled RNA was generated by Biotin-16-rUTP
(Roche, 11388908910) incorporation during in vitro tran-
scription performed according to the manufacturer’s pro-
tocol (Ambion, AM1334). Briefly, 1 �g linearized DNA
template containing T7 promoter was mixed with NTPs
(Biotin-16-rUTP/rUTP: 1:30) and enzyme mix in 1×

http://web.expasy.org/protparam/
https://david.ncifcrf.gov/
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transcription buffer. The reaction was incubated at 37◦C
overnight then DNA was digested by adding TURBO
DNase for another 15 min at 37◦C. Then, biotin-labeled
RNA was extracted by TRIzol™ Reagent (Invitrogen) fol-
lowed by ethanol precipitation. Concentration and qual-
ity of RNA were characterized by Nanodrop™2000 spec-
trophotometry and denatured agarose gel electrophoreses,
respectively.

For pull-down assay, 2 �g biotin-labeled RNA was de-
natured at 65◦C for 5 min, then cooled down to room tem-
perature in structure buffer (10 mM Tris–HCl pH 7.0, 100
mM KCl, 10 mM MgCl2) for 25 min. Re-folded RNA was
incubated with pre-blocked Streptavidin M280 beads (Invit-
rogen) in IPB (40 mM Tris–HCl pH 8.0, 150 mM NaCl, 0.5
mM MgCl2, 20 �g/ml Heperin, 1 mM DTT, 0.01% NP40,
5% glycerol) buffer at 4◦C for 2 h and 1 �g recombinant
GST tagged protein was added into the mixture for another
6 h incubation at 4◦C with rotation. The mixture was sub-
jected to five wash cycles of 5 minutes each using 500 �l IPB
buffer. After the last wash, the beads were resuspended in 25
�l Elution Buffer (150 mM NaCl, 10 mM Tris–HCl pH 8.0,
1 mM EDTA, 1% SDS) shaking for 1 h at 16◦C, 12 000 rpm
with 10 s on, 10 s off. Eluate was collected and mixed with
5 �l 6× SDS protein loading buffer, and the RNA-bound
proteins were detected by western blot analysis using anti-
body against GST.

Tandem RNA immunoprecipitation followed by quantitative
real-time PCR (FBioRIP-qPCR)

About 2 × 107 cells stably expressing FBioIDH1 or
FBioEGFP were crosslinked at 254 nm UV light with 600
mJ/cm2 and lysed in ice-colded lysis buffer (50 mM Tris–
HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 5% glyc-
erol, supplemented with 1 mM DTT, 1 mM PMSF, 1:500
PI cocktail and 400 U/ml RNase Inhibitor). The cell lysates
were treated with DNase I and 5% of the cell lysate was
saved as input for RT-qPCR. Then, pre-equilibrated FLAG
M2 resins (Sigma) in 2 × dilution buffer (50 mM Tris–
HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-
100) were added into the cell lysate and incubated at 4◦C
overnight. After three washes using IP200 Buffer (20 mM
Tris–HCl pH7.4, 200 mM NaCl, 1 mM EDTA, 0.3% Tri-
ton X-100, 5% glycerol), the RNA/protein complex was
eluted by 3× FLAG Elution Solution (50 mM Tris–HCl pH
7.4, 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 150
ng/�l 3× FLAG peptides). The eluate was added into pre-
equilibrated streptavidin (M-280, Invitrogen) dynabeads in
NP40 lysis buffer (1× PBS, 0.5% NP-40, 0.5% sodium de-
oxycholate, 0.1% SDS) and incubated at 4◦C for 4 h or
overnight. After twice washes with NP-40 lysis buffer and
twice washes with the high salt buffer (5× PBS, 0.5% NP-40,
0.5% sodium deoxycholate, 0.5% SDS), the RNA/protein
complex was eluted by Proteinase K digestion buffer (50
mM Tris–HCl pH7.4, 10 mM EDTA, 50 mM NaCl, 0.5%
SDS, proteinase K was added freshly). The RNA was ex-
tracted by TRIzol™ Reagent (Invitrogen) according to the
manufacturer’s protocol. Reverse transcription was per-
formed using Revert Aid First Strand cDNA Synthesis
Kit (Fermentas, K1622) with random primers. Quantitative
real-time PCR (qRT-PCR) was performed using iTaq Uni-

versal SYBR Green Supermix (Bio-Rad, 1725121) on a Bio-
Rad CFX384 RealTime System. Primers for RIP-qPCR are
listed in Supplementary Table S6.

FBioCLIP-seq

About 3 × 107 cells expressing FBioIDH1 were crosslinked
at 254 nm UV light with 600 mJ/cm2 and harvested in pre-
chilled PBS. The cell pellets were resuspended in ice-colded
lysis buffer used in RIP. Then treated the cell lysate with
DNase I. The pre-equilibrated FLAG M2 resins (Sigma)
were incubated with the lysate at 4◦C overnight ad washed
four times with RIP200 Buffer. The RNA/Protein com-
plexes were eluted with 3 × FLAG elution buffer con-
taining ∼200 ng/�l 3× FLAG peptides. Then, the elu-
ate was incubated with pre-equilibrated streptavidin (M-
280, Invitrogen) beads at 4◦C overnight. After twice washes
with NP-40 Lysis Buffer and twice with high salt buffer,
the protein/RNA complex bound beads were washed four
times with PNK buffer (50 mM Tris–HCl pH 7.4, 10 mM
MgCl2, 0.5% NP-40) quickly. Then the RNAs were par-
tially digested with Micrococcal nuclease (MNase) (NEB)
at 37◦C for 10 min (mixed with an Eppendorf Thermomixer
at 1200 rpm for 5 s per 30 s). Here, we replaced the RNase
A/T1 used in the original protocol with MNase (48,49), a
relatively non-specific endo-exonuclease that can be inacti-
vated by EGTA, in order to prevent continuous RNA trim-
ming for better RNA recovery and to reduce cleavage biases.

The reaction was stopped by twice washes with ice-cold
PNK-EGTA Buffer (PNK buffer with 2 mM EGTA). Then
the beads were washed twice with ice-cold PNK buffer. To
dephosphorylate the RNA, the fragmented RNA–protein
complex bound beads were treated with CIP (NEB) for 10
min at 37◦C (mixed with an Eppendorf Thermomixer at
1200 rpm for 5 s per 30 s). After two more washes with PNK
Buffer, the pre-adenylated 3′ linker was ligated to the end
of fragmented RNAs with T4 RNA ligase (NEB) at 16◦C
overnight (mixed with an Eppendorf Thermomixer at 1200
rpm for 5 s per 30 s). Then, after four times washes with
PNK buffer, the bead-bound RNA fragments were phos-
phorylated by T4 PNK (NEB) for 10 min at 37◦C and the
reaction was stopped by washing three times with PNK-
EGTA buffer. To elute the protein-bound RNA fragments,
the samples were treated with Proteinase K (50 mM Tris–
HCl pH 7.4, 150 mM NaCl, 0.5% SDS, and 20 �g Pro-
teinase K) for 1 h at 55◦C. The RNAs were purified by TRI-
zol™ Reagent and ligated with 5′ RNA adaptor. Then, the
purified RNA fragments were reverse transcribed by Super-
script III (Invitrogen) with RT primer and amplified for 20
cycles with 2× NEB HF PCR mix (NEB). Library index
sequence was introduced by PCR with index primers for
eight more cycles. Library was performed high-throughput
sequencing by Illumina Hiseq 2500 sequencing platform.
Analysis of FBioCLIP-seq was performed as described (50).
Files in format of bedgraph were made for visualization in
UCSC genome browser and IGV software.

Pre-adenylated 3′ linker: rAppAGATCGGAAGAGCACA
CGTCT-NH2, TAKARA.

5′ RNA adaptor: GUUCAGAGUUCUACAGUCCGAC
GAUC, TAKARA.
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RT primer: AGACGTGTGCTCTTCCGATCT, TAKA
RA.

Amplification PCR primers:
Forward: GTTCAGAGTTCTACAGTCCGACGATC;
Reverse: AGACGTGTGCTCTTCCGATCT, TAKARA.
Index primers:
Forward (SR primer): AATGATACGGCGACCACCGA

GATCTACACGTTCAGAGTTCTACAGTCCGAC,
Reverse: CAAGCAGAAGACGGCATACGAG

ATCGTGATGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT (the underlined hexamer indicates
Illumina index sequence, TAKARA).

Immunofluorescence staining

ESCs were seeded on 18 × 18 mm glass coverslips. Pre-cold
methanol was used to fix cells. Samples were blocked us-
ing 10% FBS with 0.5% saponin in PBS for 30 min at room
temperature, and then incubated with primary antibodies
for 1 h at 37◦C followed by the secondary fluorescently la-
beled antibodies for 1 h at 37◦C. Nuclei were counterstained
with DAPI. Images were acquired using FV1200 confocal
microscopy (Olympus IX83). Images were processed using
software of ImageJ.

The following antibodies were used: IDH1 (Proteintech
12332-1-AP IF: 1:100, Cell Signaling Technology IDH1
(D2H1) Rabbit mAb #8137 WB: 1: 1000).

Electrophoretic mobility shift assay (EMSA)

RNA and DNA probes used in EMSA were chemical syn-
thetized and purified by HPCL. Fluorescent probes were
additionally labeled with Cy5 at their 5′ ends (Idobio Bi-
ological Technology). The sequences of probes are shown
in Figure 6E and Supplementary Figures S7H and S8C.

In order to generate double-stranded DNA or RNA and
DNA/RNA hybrid probes, sense and antisense probes were
mixed together with equal molar ratio in 1× SSC buffer (150
mM NaCl, 15 mM sodium citrate). And then annealed in
PCR thermal cycler using the program: 90◦C 2 min, 60◦C 5
min, 20◦C 30 min and then kept on ice until used.

RNAs were refolded by incubating at 95◦C for 5 min,
followed by snap cooling on ice for 5 min, then 1× refold-
ing buffer (10 mM Tris–HCl pH 6.7, 50 mM KCl, 10 mM
MgCl2) was added and let RNA gradually recover to room
temperature for 30 min.

Purified recombinant IDH1 were thawed at room tem-
perature and kept on ice. Proteins were serial diluted into
1× binding buffer (10 mM HEPES pH 7.4, 50 mM KCl, 1
mM EDTA, 0.05% Triton X-100, 5% glycerol, 0.01 mg/ml
BSA, 1 mM DTT, 40 U/mL RNase inhibitor) and kept
on ice until used. 20 nM RNA was mixed with increas-
ing concentrations (0.1–10 �M) of proteins in 1× binding
buffer. Samples were incubated at room temperature for 1 h
and then resolved on a native polyacrylamide gel (6% acry-
lamide 37.5:1, 1× TBE, 0.08% APS, 0.1% TEMED) in 0.5×
TBE running buffer and running for 2.5 h at 80 V at 4◦C.
Cy5 signals on the gel were scanned by Typhoon FLA 9500
fluorescence scanner (GE® Healthcare) and quantified by
ImageJ software. Dissociation constants (Kd, �M) were de-
termined by non-linear fitting of the binding curves using

OriginPro 9 software. All the experiments are performed
with three independent replicates.

Structural analysis

Protein structures of IDH1 (WT: 5YZH, 5YFM; R132H:
3MAR) (51,52) analyzed in this study were obtained
from Research Collaboratory for Structural Bioinformat-
ics (RCSB: www.rcsb.org) of World Wide Protein Databank
(wwPDB: www.wwpdb.org) (53,54). The presented struc-
tures were analyzed and viewed in PyMOL software.

FBioRIP-HPLC–MS/MS

The FBioRIP procedure was described above. In brief, ESCs
stably expressing FLAG-Biotin tagged IDH1 were sub-
jected to FBioRIP procedure. Input and IDH1-bound RNA
were extracted with TRIzol™ Reagent. Then, mRNA was
purified using Dynabeads mRNA Purification Kit (Thermo
Fisher # 61006). About 60 ng purified RNA was subjected
to HPLC-MS/MS quantification of m6A level as previously
reported (55).

Data availability

The accession numbers for LIN28A CLIP-seq data are
GEO: GSM910955, GSM910956, GSM910957 (56). The
accession number for mESCs RNA-seq is GSM1412826
(57). IDH1 FBioCLIP-seq data has been deposited in the
GEO repository with the accession number GSE119798.

RESULTS

High-throughput profiling of lncRNA–protein interactions
using HuProt arrays

To enable an unbiased, proteome-wide survey for dynamic
RNA–protein interactions that are likely transient and/or
less abundant in cells, we chose to profile the interactomes
of 13 representative lncRNAs that show detectable expres-
sion in undifferentiated or differentiating embryonic stem
cells (ESCs) (Supplementary Figure S1A and C). Six of
them (i.e., Evx1as, Haunt, Lockd, Eprn, Apela and Platr14)
were previously reported to play regulatory roles in mod-
ulating gene expression, lineage differentiation, and DNA
damage response in ESCs or erythroid cells (57–62). For
example, Haunt and its genomic locus play discrete and op-
posing roles in regulating the HOXA gene cluster located
∼40 kb downstream of Haunt during ESC differentiation
(57). Evx1as promotes transcription of its adjacent gene
EVX1 in cis to fine-tune mesendodermal lineage differen-
tiation (58).

Using a previously established protocol (47), we hy-
bridized 46 HuProt arrays with 19 Cy5-labeled RNA
probes, comprised of 13 full-length lncRNAs and 6 trun-
cated sequences of lncRNA candidates, in duplicate or trip-
licate (Figure 1A). Each HuProt array contained 18 169 full-
length human proteins, representing 13 217 non-redundant
gene products in duplicate. After stringent washes, the fluo-
rescence signals of each protein spot on the HuProt arrays
were acquired and normalized across all the binding assays
to calculate the standard deviation values, based on which

http://www.rcsb.org
http://www.wwpdb.org
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A B

Figure 1. High-throughput profiling of lncRNA–protein interactions using HuProt arrays. (A) Scheme of HuProt array-based assay to reveal lncRNA-
binding proteins in an unbiased manner. And the results of HuProt array screens are summarized and shown below. (B) A typical example of the results
from HuProt arrays. Each microarray was divided into 48 blocks (bottom). Each block contains 800 protein spots. Controls, including negative controls
(histone H1 and H4, buffer, GST and BSA) and the positive control IgG, are printed in the last row of each block as indicated, and tested proteins are
printed in duplicate. In this example, the Cy5-labeled RNA probe selectively interacts with proteins such as YBX1, MTHFD1, SLC39A1, IDH1 and
mutant IDH1 (S307A) (top).

the signal intensity was represented as z-scores (Figure 1A
and B). Overall, >73% of the proteins on HuProt arrays did
not show any detectable fluorescent signals (z-scores ≤ 1)
to any of the RNA probes tested, indicating that the back-
ground fluorescence was minimal on HuProt arrays (Figure
2A; Supplementary Table S1). Pearson correlation coeffi-
cients of replicates ranged mainly from 0.80 to 0.99, indi-
cating a high reproducibility of the assays (Supplementary
Figure S1B). After combining all of the binding data ob-
tained with the 13 lncRNAs on 46 HuProt arrays, we identi-
fied 1326 (7.8%), 671 (4.0%) and 165 (1.0%) non-redundant
proteins that bound to at least one RNA probe at a z-score
value of ≥5, 10 and 50, respectively (Figure 2A).

Validation of lncRNA–protein interactions in vitro

To determine a reasonable cutoff value for identifying re-
liable interactions, we first chose 10 known RBPs such as
LIN28A, MSI1, PURA and RBM38, which involved 49
pairs of lncRNA–protein interactions with a wide range of
z-scores from –1 to 2161, for validation using an in vitro
RNA pull-down assay (Supplementary Figure S2A; Sup-
plementary Table S2). We expressed and purified these re-
combinant proteins in yeast or bacteria, transcribed the 13
lncRNAs in vitro, and labeled them with biotin (Supple-
mentary Figure S2B and C). Gel electrophoresis and dot

blot analysis indicated the successful production of biotiny-
lated lncRNAs (Supplementary Figure S2B). GFP mRNA
was also produced as a negative control. The biotinylated
13 lncRNAs and GFP mRNA were separately immobilized
on streptavidin-coated beads and incubated with the corre-
sponding protein partners. We optimized and utilized strin-
gent incubation and wash conditions in presence of yeast
transfer RNA (tRNA) as a non-specific competitor (Sup-
plementary Figure S3A–C). Proteins captured by the immo-
bilized lncRNA probes were then released and subjected to
western blot analysis (Supplementary Figure S2A).

At a z-score ≥10, 32 of the 39 pairs (82%) tested were con-
firmed to show direct RNA–protein interactions, suggesting
a false-positive rate of 18% (Figure 2C; Supplementary Fig-
ure S3D and E; Supplementary Table S2). No binding was
detected for 7 of the tested 10 pairs with z-scores ranging
from –1 to 9, suggesting a false-negative rate of 30% (Fig-
ure 2C; Supplementary Figure S3D and E; Supplementary
Table S2). For example, four of five lncRNA–MSI1 interac-
tions, six of seven lncRNA–PURA interactions and five of
seven of lncRNA–RBM38 interactions were validated suc-
cessfully by in vitro pull down (Figure 2B). At a cutoff of
z-score ≥5, we observed similar false-negative rate (30%)
and false-positive rate (18%) as the cutoff of z-score ≥10
(Figure 2C). With a cutoff of z-score ≥50, the false-negative
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Figure 2. Validation of lncRNA–protein interactions in vitro. (A) Histogram showing the number of protein hits in different ranges of z-scores. The number
of non-redundant genes is shown in brackets. (B) Typical results of in vitro pull-down assays to confirm lncRNA–protein interactions using z-score ≥ 10
as the cutoff. Various biotin-labeled lncRNA transcripts were immobilized on streptavidin beads, and incubated with GST-tagged recombinant MSI1 (i),
PURA (ii) or RBM38 (IOH13305) (iii) proteins. After stringent washes, flow-through (FT) and eluted fractions were collected and subjected to anti-GST
western blotting analysis. LncRNAs labeled in black: results of in vitro pull-down assays are consistent with that in HuProt arrays; otherwise, the lncRNAs
are marked with ‘ * ’ in gray. (C) Summary of the success rates of lncRNA–protein interaction validations by in vitro pull-down assays when different
cutoffs were used. The lncRNA–protein interactions chosen for validation have a wide range of z-scores from –1 to 2,161. When the z-score is larger than
the chosen cutoff (50, 10 or 5), the interaction is regarded as a positive hit. On the contrary, it is regarded as a negative hit. The positive hits and negative hits
that were confirmed by in vitro pull-down assays are labeled as ‘validated positive hits’ or ‘validated negative hits’, respectively. (D) Biotin-labeled Evx1as
and Haunt lncRNAs capture a number of small GTPases and metabolic enzymes, respectively. Biotinylated RNA immobilized on streptavidin beads were
incubated with various GST-tagged recombinant proteins. The input and eluted fractions were subjected to anti-GST western blotting. LIN28A and GFP
are the positive or negative control, respectively.

rate increased to 62%, despite that all of the positive hits
were validated (Figure 2C). To balance between the false-
positive and false-negative rates, we decided to use z-score
≥10 as a reasonable cutoff, with which 671 were identified
as candidate proteins with lncRNA-binding activity (Sup-
plementary Table S3).

Next, we chose additional 16 proteins that do not en-
code any annotated RBDs for in vitro validation (Fig-
ure 2D; Supplementary Figure S3F and G; Supple-
mentary Table S2). These proteins show a wide variety
of RNA-unrelated biological functions, including seven

small GTPases (RAB4A/4B/7L1/9B/11A, RHOA and
CDC42), three metabolic enzymes (IDH1, BDH2 and
ALDH1L1), four chromatin and transcription regulators
(EED, TRIM24, NACA and PIR), and a protein kinase
PAK2. RNA pull-down analysis validated 82% of the 22
RNA–protein interactions with z-scores ≥10 on HuProt ar-
rays (Figure 2C). Thus, for unconventional RBPs, we esti-
mated a false-positive rate of 18%, similar to that of classical
RBPs (Figure 2C). Taken together, HuProt array-based ap-
proach recovers many expected binding activities but also
reveals many unconventional RNA-binding proteins with a
low false-discovery rate as estimated by in vitro validation.
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FBioCLIP-seq validation of lncRNA–LIN28A interactions in
vivo

We then sought to determine whether these in vitro inter-
actions could be reproduced using in vivo assays. LIN28A
(Lin-28 homolog A), a classical RBP, is known to bind
to thousands of mRNAs to regulate microRNA biogene-
sis, splicing, translation, cell cycle and glucose metabolism
(56,63–75). LIN28A has been implicated in cancer cell pro-
liferation, stem cell pluripotency and reprogramming via its
RNA-binding activity (66–71). On HuProt arrays, LIN28A
bound to all 13 lncRNAs with high z-scores, ranging from
21 to 918 (Supplementary Table S3). Consistently, 6 of the
13 lncRNAs had LIN28A-binding signals in CLIP-seq data
in ESCs that were reported previously by Kim et al. (Figure
3C; Supplementary Figure S4).

To enable detection of interactions between proteins
and lncRNAs of low abundance in cells, we employed
a more sensitive and efficient CLIP method, dubbed as
FBioCLIP-Seq (Crosslinking and Immunoprecipitation via
a FLAG- and Biotin-double tags followed by sequencing).
This method uses a stringent two-step, FLAG- and biotin-
tags-mediated purification of RNA–protein complexes in
the presence of Micrococcal Nuclease (MNase) (Figure
3A). We established an ESC line that stably expressed
a FLAG- and biotin-tagged LIN28A protein. FBioCLIP-
seq of LIN28A revealed ∼51 693 binding peaks corre-
sponding to ∼8556 genes (Figure 3B), covering 89% (8262)
of LIN28A CLIP-seq peaks (9307) as reported by Kim
and colleagues (56). Notably, our method revealed signif-
icantly more CLIP peaks and target genes, demonstrat-
ing that LIN28A FBioCLIP-seq has a higher sensitivity
and signal-to-noise ratio as compared with the traditional
CLIP-seq. Consistent with LIN28A-binding profiles on
HuProt arrays, all 12 lncRNAs that show detectable expres-
sion in ESCs also exhibited detectable signals of LIN28A
FBioCLIP-seq (Figure 3C; Supplementary Figure S4). The
lack of LIN28A binding on Evx1as transcripts in ESCs
is consistent with the fact that Evx1as is not activated
until ESCs differentiate into mesoendoderm cells. In vivo
validation of LIN28A-lncRNA interactions indicated that
HuProt array-based method is reliable and sensitive to iden-
tify novel RNA–protein interactions that are indeed present
in cellular contexts.

Revelation of unconventional RBPs with diverse functions

Among the 671 proteins with RNA-binding activity (z-
score ≥ 10) identified in the HuProt assays, 301 (44.9%)
show specific binding to only one lncRNA, 341 (50.8%)
bind to 2–12 lncRNAs, and only 29 (4.3%) bind to all 13
lncRNAs (Figure 4A). On the other hand, each of the 13
lncRNAs bound to a large number of proteins, ranging
from 68 to 413 (z-score ≥ 10) (Figure 4B). These observa-
tions suggest that these lncRNAs may execute pleiotropic
functions by enlisting a large set of protein partners with di-
verse biological functions, and the majority of them exhibit
different degrees of specificity towards the RNA sequences.
For example, Haunt bound to 303 proteins on HuProt ar-
rays, one of which was PURA (purine-rich element-binding
protein A), a multifunctional, sequence-specific DNA- and

RNA-binding protein that has been implicated in both tran-
scriptional activation and repression (76). Haunt directly in-
teracts with PURA as evidenced by our in vitro pull-down
and in vivo RNA immunoprecipitation (RIP) assays (Figure
2B; Supplementary Figure S5). However, it is worth noting
that PUR proteins were reported to be dispensable for the
effect of Haunt on the HOXA cluster (57). Because Haunt
transcripts associate with hundreds of proteins, we reasoned
that inhibition of one or a few of the interacting proteins is
unlikely to affect the function of a given lncRNA because it
could be compensated by other interacting proteins.

We then compared the 671 newly identified lncRNA-
binding proteins with Tuschl’s RBP repertoire (1542) and
a set of 3061 proteins reported in several studies of profiling
protein interactomes of polyA or nascent RNA transcripts
in human and mouse cells (9–17). Venn diagram analysis of
the three datasets revealed an overlap of 127 RBPs, which
are mainly involved in RNA processing, RNA splicing and
translation (Figure 4C and D). In addition, 94 of the 671
proteins were also found in the in vivo RNA interactomes
but not presented in Tuschl’s RBP repertoire, suggesting
that many newly discovered unconventional RBPs are likely
to be physiologically relevant (10–17) (Figure 4C; Supple-
mentary Table S3 and S4). Importantly, 431 were identified
as potential RNA-binding proteins for the first time in our
study, indicating that many novel RBPs are yet to be fully
discovered (Figure 4C; Supplementary Table S3). In sum-
mary, a total of 525 (431 plus 94) proteins, identified in this
study but not included in Tuschl’s RBP repertoire, are po-
tentially unconventional RBPs (Figure 4C).

Gene Ontology (GO) analysis indicated that the 525 po-
tentially unconventional RBPs were significantly enriched
in three functional categories (P value ≤ 1.9E–6), including
(i) chromatin organization; (ii) proteins with GTPase activ-
ity implicated in vesicle transport, cell-cell adhesion, and
extracellular exosome and (iii) metabolic and oxidation-
reduction processes (Figure 4E and F; Table 1). In addi-
tion, protein domain analysis also revealed significant en-
richments of small GTP-binding, aldo/keto reductase and
NADP-dependent oxidoreductase domains, suggesting that
these protein domains may possess moonlighting RNA-
binding activities (Figure 4G).

Chromatin regulators, metabolic enzymes and small GT-
Pases display RNA-binding activity

HuProt arrays revealed ∼87 proteins known to directly reg-
ulate transcription and chromatin functions, ∼53 metabolic
enzymes involved in oxidation-reduction process, and 17
small GTPases (Table 1). This list included some well-
known chromatin regulators (e.g., DNMT3A, MED8, and
tripartite motif proteins TRIM28 and TRIM24), RAB
and RHO family small GTPases (e.g., RAB11A and
CDC42), and metabolic enzymes (e.g., IDH1, BDH2 and
ALDH1L1) (Figure 4F; Supplementary Table S3). For ex-
ample, IDH1 bound to Haunt with the highest z-score of
1935, as well as six other lncRNAs, including Lockd, with
z-scores ranging from 11 to 155. DNMT3A, an essential
DNA methyltransferase, was found to bind to three lncR-
NAs (Gm13261, Platr3, Gm12688) with z-scores ranging
from 27 to 38 on HuProt arrays. MED8 specifically inter-
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Figure 3. Validation of lncRNA–protein interactions in vivo. (A) Overview of the LIN28A FBioCLIP-seq method. (B) Venn diagram comparison of peaks
identified by LIN28A FBioCLIP-seq and CLIP-seq (56). (C) Genome browser views of LIN28A FBioCLIP and CLIP signals at representative lncRNA loci.

acted with Evx1as (z-score = 26), consistent with a role of
the Mediator complex in facilitating Evx1as function on
nearby gene transcription (58). TRIM28 is known to in-
teract with 7SK small nuclear ribonucleoprotein (snRNP)
and to regulate the pausing release of RNA polymerase
II (77). TRIM28 interacted with lncRNAs Evx1as, Haunt,
and AV585709 (z-score ≥ 10) on HuProt arrays, suggesting
other RNA-binding activities in addition to 7SK snRNP.
TRIM24, an oncogenic transcriptional activator in prostate
cancer (78), bound to Evx1as and Haunt (z-score ≥ 17)
(Supplementary Table S3).

The RAS superfamily small GTPases, composed of ∼154
proteins in human, usher vesicles and membranes in the ex-
ocytic and endocytic pathways, and play a key role in cell-
cell or cell-matrix adhesions (79,80). Among the 126 small
GTPases available on HuProt arrays, seventeen (including
eleven RAB and five RHO family members) were found to
exhibit RNA-binding activities (Figure 4F; Table 1). Con-
sistent with this finding, RAB1A and RAB11A (yeast ho-
mologues YPT1 and YPT32) were also detected with RNA-
binding activity in previous studies using yeast protein mi-
croarrays (34,35).

As additional evidence to support our observations, pre-
vious studies of mapping RNA-binding regions in cells de-
tected numerous RNA-crosslinked peptides from many pro-
teins, such as IDH1, DNMT3A, TRIM24, RAB11A and
CDC42, which were also identified in HuProt array screens
(Table 1) (10–17). Notably, compared with the previously
reported RNA interactomes (10–17), a set of 49 transcrip-

tion and chromatin-related proteins (e.g., pirin or PIR), 34
metabolic enzymes (e.g., BDH2, ALDH1L1) and 14 small
GTPases (e.g., RAB4A/4B/7L1/9B, RHOA) were identi-
fied for the first time to possess RNA-binding activity in our
screens (Supplementary Table S3). For example, PIR, an
iron-dependent redox sensor and regulator of NF-�B (81),
was found to interact with three lncRNAs on HuProt ar-
rays. The interaction between PIR and Haunt (z-score = 17)
was validated using in vitro pull-down (Supplementary Fig-
ure S3F). Notably, the lncRNA Evx1as interacted with 13
small GTPases with z-scores ≥ 10. Of the seven small GT-
Pases we chose for validation, all were confirmed to inter-
act with Evx1as by in vitro pull-down, and 5 were shown for
the first time to have RNA-binding activity (Figure 2D). In
addition, Haunt RNA captured recombinant IDH1, BDH2
and ALDH1L1 proteins we confirmed in vitro (Figure 2D).
Collectively, these results suggest that chromatin regulation,
cellular metabolism and vesicular trafficking seem to be
tightly coupled with the RNA-binding activities of key pro-
tein regulators or enzymes, expanding the catalog of RNA-
binding proteins.

IDH1 FBioCLIP-seq reveals thousands of RNA targets in
ESCs

Subsequently, to further characterize the RNA-binding ac-
tivity of novel RBPs, the metabolic enzyme IDH1 was cho-
sen as a representative because of its strong affinity to
RNA (z-score = 1935 to Haunt) and its well-characterized
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Figure 4. HuProt array profiling reveals hundreds of unconventional RBPs. (A) Histogram showing the number of proteins bound to different numbers of
lncRNAs. Classical and unconventional RBPs are highlighted in blue and orange, respectively. (B) Histogram showing the number of proteins bound by
each lncRNA. (C) Venn diagram for the comparison of RBPs identified by HuProt arrays with Tuschl’s RBP repertoire (9) and the RNA interactomes we
compiled (Supplementary Table S4) (10–17). (D) GO analysis of 127 overlapping RBPs shown in panel (C). Selected GO terms (fold enrichment ≥ 1.5, P
value ≤ 2.3E–19) are shown. (E) Enriched GO terms of 525 unconventional RBPs shown in panel (C) (fold enrichment of a selected term ≥ 1.5, P value
≤ 1.9E–6). (F) Heatmap showing interactions among lncRNAs and representative proteins including metabolic enzymes, small GTPases, transcriptional
and epigenetic regulators, and classical RBPs. (G) Enriched protein domains in 525 potential unconventional RBPs. Selected domains (fold enrichment ≥
1.5, P value ≤ 7.9E–4) are shown.
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function in producing �-ketoglutarate, a key cofactor re-
quired for many histone and DNA demethylases. Having
confirmed its in vitro RNA-binding activity, we sought to
test whether IDH1 directly binds to RNA in cells. As com-
mercially available antibodies against IDH1 are not suit-
able for immunoprecipitation, we established ESC lines that
stably expressed the sub-endogenous level of FLAG- and
biotin-tagged IDH1 (Supplementary Figure S6A). In addi-
tion, we also established a control ESC line that stably ex-
pressed FLAG- and biotin-tagged GFP. FLAG- and biotin-
mediated tandem RNA immunoprecipitation followed by
quantitative PCR analysis (tandem FBioRIP-qPCR) re-
vealed that IDH1, but not GFP, robustly enriched for Haunt
RNA (Figure 5A).

Next, to obtain a genome-wide view of IDH1’s RNA tar-
gets, we performed IDH1 FBioCLIP-seq. The results from
three biological replicates were highly correlated (Pearson
coefficients > 0.9) (Supplementary Figure S6B). In total,
we identified ∼2300 high-confidence overlapping peaks in
three replicates, corresponding to 1341 genes (Supplemen-
tary Table S5). While the majority (∼98%) of IDH1 target
genes are protein-coding transcripts (Supplementary Table
S5), IDH1 also binds to a number of lncRNA transcripts,
including Haunt, Malat1, Neat1 and B230354K17Rik (Fig-
ure 5G; Supplementary Figure S6E). Tandem FBioRIP-
qPCR validated significant enrichment of IDH1 on a num-
ber of FBioCLIP RNA targets compared to the GFP control
(Figure 5B).

IDH1 FBioCLIP-seq signals were found enriched in the
coding sequences (CDS, 75.8%) and the 3′ untranslated
regions (3′ UTRs, 8.4%), as compared with the expected
percentage of these regions in the transcriptome (Figure
5C; Supplementary Figure S6C). Metagene analysis showed
that IDH1 RNA reads are evenly distributed within the
CDS (Figure 5D). Only 8.1% of IDH1 FBioCLIP-seq reads
fall into intronic regions, indicating that IDH1 largely inter-
acts with sequences within mature mRNA transcripts. This
result is consistent with a dominant localization of IDH1
protein in the cytoplasm (Figure 5E). GO analysis showed
that IDH1 target transcripts mainly encode proteins in-
volved in transcription and chromatin regulations, cell cy-
cle and mRNA processing (Figure 5F). In addition, the lack
of correlation between RNA signal densities of IDH1 and
gene expression implies that IDH1 specifically binds to a
subset of RNA transcripts, arguing against a bias toward
abundant transcripts (Supplementary Figure S6D).

GA- and AU-rich RNA motifs are enriched in IDH1 targets

Motif analysis of all target sequences of IDH1 FBioCLIP-
seq revealed two GA-rich consensus sequences (Overall mo-
tif #1: GAAGAAGAUC; and #2: AGAAGGAGGAGA; P
< 1e−112), which accounted for more than half of IDH1
target sites (Figure 6A; Supplementary Figure S7A). Inter-
estingly, we noticed a 212-nt sequence mainly composed of
G(A)n simple repeats (2 ≤ n ≤ 6) in the last (third) exon
of Haunt RNA (Supplementary Figure S7D, bottom). Sec-
ondary structure prediction suggested that this G(A)n re-
peat region is likely to form a big extended and unstructured
loop within the folded Haunt RNA (Supplementary Fig-

ure S7D, top). Interestingly, FBioCLIP-seq showed strong
IDH1-binding signals in the last exon of Haunt (Figure 5G).

To dissect RNA elements that are required for Haunt
binding to IDH1, we generated three truncated probes sur-
rounding the G(A)n repeat region and analyzed their bind-
ing affinity to IDH1 on HuProt arrays (Supplementary Fig-
ure S6F). Both Haunt-A and C probes comprise the 5′ se-
quences of Haunt, but only the probe A, but not C, con-
tains the G(A)n repeat region. The Haunt-B probe com-
prises the 3′ sequence but lacks the stretch of G(A)n repeats
of Haunt. Interestingly, the Haunt-A RNA probe bound to
IDH1 albeit with a reduced affinity compared to the full-
length Haunt (z-scores 216 versus 1,935, respectively). How-
ever, both Haunt-B and C failed to be captured by IDH1 (z-
scores 1 and 0). Thus, the G(A)n repeat region of Haunt ap-
pears to be required for IDH1 binding, while the 3′ sequence
of Haunt in the Haunt-B probe is necessary but not suffi-
cient for IDH1 binding. Together, these results demonstrate
that IDH1 directly binds to Haunt RNA in vitro, probably
via interaction with the GA-rich motif in the last exon.

IDH1 FBioCLIP-seq signals appeared to be slightly en-
riched in the 3′ UTR compared to the 5′ UTR and introns.
Motif analysis of IDH1 target RNA signals that specifi-
cally fall into the 3′ UTR regions revealed distinct AU-rich
sequences (3′ UTR motif #1: UCUAUUUAUU; and #2:
UAAAAUCCAU; P < 1e−2), although they represent a
minor portion of overall IDH1 RNA targets (Figure 6A;
Supplementary Figure S7A).

IDH1 binds strongly to GA- or AU-rich single-stranded RNA
in vitro

To determine whether IDH1 binds directly to the iden-
tified RNA sequences in vitro, we performed native gel
electrophoretic mobility shift assay (EMSA) using purified
IDH1 and Cy5 fluorescence-labeled, single-stranded RNA
(ssRNA) probes of 20- to 30-nt in length. Recombinant
IDH1 proteins were purified free of nucleic acid contami-
nation using size exclusion chromatography. Purified IDH1
formed homodimers which represent the active conforma-
tion of IDH1, and were enzymatically active when tested
(Supplementary Figure S7G and data not shown). Because
IDH1 showed strong interaction with the GA-rich RNA
motifs enriched in its FBioCLIP targets, we first tested a 20-nt
ssRNA probe, named as ‘5 × GAA (overall motif)’, which
contains the overall motif #1 (GAAGAAGAUC) flanked
with GAA sequences, resulted in a total of five copies of
GAA tri-nucleotides. Addition of recombinant IDH1, but
not negative control proteins GFP and GST, caused super-
shifted bands of the RNA probe, with a dissociation con-
stant (Kd) of 1.34 ± 0.35 �M (Figure 6B–E; Supplementary
Figure S7E).

To further quantify the effect of GAA repeat numbers
on IDH1 binding, we designed a set of five fluorescence-
labeled ssRNA probes carrying 1 to 5 copies of the GAA(A)
sequence (frequently observed in the 212-nt G(A)n repeats
of Haunt). We gradually replaced the GAA(A) with a
GCC(C) sequence for probes with fewer copies of GAA(A)
repeats (Figure 6C; Supplementary Figure S7B). Interest-
ingly, IDH1 showed gradually enhanced RNA-binding ac-
tivity along with increasing numbers of GAA(A) repeats
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Figure 5. A metabolic enzyme IDH1 emerges as an unconventional RBP. (A) FLAG- and biotin-mediated tandem FBioRIP of IDH1 and GFP followed
by qPCR analysis of the Haunt and GAPDH transcripts in ESCs. Data are shown as mean ± SD (standard deviation, n = 4 biological replicates). *P <

0.01. (B) Tandem FBioRIP-qPCR of wild-type IDH1WT, IDH1 mutant (IDH1R132H) and GFP in ESCs. Data are shown as mean ± SD (n ≥ 3 biological
replicates). *P < 0.01. (C) Distribution of IDH1 RNA-binding peaks. (D) Metagene analysis of IDH1 FBioCLIP read densities along the mRNA transcripts.
(E) Immunofluorescence of endogenous IDH1 in ESCs. IDH1: red, DAPI: blue, n = 20 cells. (F) GO analysis of IDH1-binding transcripts. Selected GO
terms (fold enrichment ≥ 1.5, P value ≤ 4.10E–15) are shown. (G) Genome browser views of IDH1 FBioCLIP-seq reads at representative loci of lncRNA
(top) and mRNA (bottom), respectively. The tracks shown on the right are zoom-in views of the regions boxed by dotted lines. The region of G(A)n repeat
(2 ≤ n ≤ 6) in the last exon of Haunt is indicated by a bracket on the top. Sequencing data processing removed ambiguous reads that can mapped to multiple
genomic loci so that no FBioCLIP-seq signals were detected in the G(A)n repeat region. The zoom-out views of JARID2 and HDAC4 loci are shown in
Supplementary Figure S7E.

(Figure 6C–E; Supplementary Figure S7B). The binding
affinity to the 5 × GAA(A) probe (Kd = 0.43 ± 0.06 �M)
is ∼7- and 18-fold higher than to the 4 × GAA(A) (Kd =
2.98 ± 0.43 �M) and 3 × GAA(A) probes (Kd = 7.77 ±
4.17 �M), respectively. In contrast, 2 × GAA(A) and 1 ×
GAA(A) RNA probes failed to super-shift with IDH1 (Fig-
ure 6C–E; Supplementary Figure S7B), indicating that at

least three copies of GAA(A) are required for the binding
of IDH1.

Motif analysis suggested that IDH1 could bind to a por-
tion of target RNAs enriched in AU-rich motifs detected
in 3′ UTR regions. We examined the binding of IDH1 to an
AU-rich ssRNA probe which is 30-nt in length and contains
four copies of AUUU unit with the core sequence of 3′ UTR
motif #1. IDH1 super-shifted with the AU-rich ssRNA with
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Figure 6. IDH1 binds to GA/AU-rich single-stranded RNA. (A) GA- and AU-rich RNA motifs are enriched in IDH1’s RNA targets in all sequences
or in the 3′ UTR regions, respectively. (B–E) EMSA analysis of direct binding of purified wild-type to various fluorescence-labeled RNA/DNA probes
as indicated. (B) EMSA with the 5 × GAA ssRNA probe containing the overall motif #1. (C) EMSA with ssRNA probes with 2–5 copies of GAA(A)
nucleotides. (D) Binding isotherms for IDH1-RNA interactions. Each data point is shown as mean ± SD (n = 3 biological replicates). Error bars represent
standard deviations (SD), some of which are too small to be visualized. (E) Summary of RNA-binding activities of IDH1 toward various ssRNA probes
used above. Dissociation constants (Kd) are shown. N.D., not detected. GAA and AUUU units are underlined. (F) Relative m6A level of IDH1 RNA
targets in ESCs was determined by HPLC-MS/MS following FBioRIP assays. Data are shown as mean ± SD, n = 3. (G) Comparison of RNA-binding
activities of wild-type (WT) and oncogenic R132H mutant of IDH1 to the 5× GAA ssRNA probe as shown in the panel (B).
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a Kd of 0.68 ± 0.07 �M (Figure 6D and E; Supplemen-
tary Figure S7C). We then tested several AU-rich probes
of the same sequence but in various nucleic acidic forms,
such as double-stranded RNA (dsRNA), single- or double-
stranded DNA (ssDNA or dsDNA), and DNA/RNA hy-
brid. In contrast, none of them super-shifted with IDH1
(Supplementary Figure S7F and H). To further test the
binding specificity of IDH1, we employed two additional
GC-rich ssRNA probes with 30-nt in length and found
that both failed to super-shift with IDH1 unless IDH1
was added at extremely high concentrations (e.g., 10 �M)
(Supplementary Figure S7E). Taken together, these results
demonstrate that IDH1 preferentially recognizes ssRNA in
a sequence-specific manner in vitro.

A functional link between IDH1/2 mutations and RNA
m6A modification was recently reported in human cancer
cells (46). We found that recombinant IDH1 has similar
binding affinities to RNA probes with or without m6A mod-
ification shown by EMSA (Supplementary Figure S8A–C).
Interestingly, RNA transcripts captured by IDH1 tandem
RIP in ESCs exhibited ∼1-fold higher levels of m6A com-
pared to the input RNA (Figure 6F). Thus, m6A modifi-
cation does not appear to affect IDH1 binding to RNA in
vitro. We posit that IDH1 binding may modulate m6A levels
of its target RNA, which consequently influence the fate of
RNA in processing, translation and decay.

R132H mutation in IDH1 reduces its RNA-binding activity
in vitro and in vivo

The oncogenic R132H mutant of IDH1 has been reported
for its role in influencing global DNA and histone methyla-
tion and promoting tumorigenesis via the oncometabolite
2-hydroxyglutarate (40–42). To explore a potential connec-
tion between the newly discovered RNA-binding activity
and IDH1’s known function, we sought to test whether the
RNA-binding activity of IDH1 is affected by the R132H
mutation. First, by comparing ESCs that were stably ex-
pressing either the wild-type IDH1WT or R132H mutant
(IDH1R132H) construct, we found that IDH1R132H exhib-
ited decreased binding activity to a panel of IDH1WT -
targeted transcripts, such as TET2, TOP2A, KLF14 and
SOX2, as shown by tandem FBioRIP-qPCR (Figure 5B).
Next, we tested the direct RNA-binding activity of puri-
fied IDH1R132H using EMSA. IDH1R132H failed to super-
shift with the 5× GAA (overall motif) ssRNA unless it was
added at a high concentration (i.e. 5 �M); whereas the wild-
type IDH1 robustly super-shifted the same ssRNA probe
at a much lower concentration (i.e. 0.5 �M) (Figure 6G).
These results indicate that the R132H mutation attenuates
the ssRNA-binding activity of IDH1 both in vitro and in
vivo, suggesting a potential link of RNA binding with the
biological function of IDH1.

Next, we sought to ask how R132H mutation disrupts
the RNA-binding activity of IDH1. Intriguingly, addition
of excess amounts of the substrate isocitrate at concentra-
tions up to 1000 �M (∼50 000-fold higher than RNA) failed
to alter the binding of 5× GAA(A) RNA probes (20 nM) to
IDH1 (1 �M) (Supplementary Figure S9B). This observa-
tion suggests that the RNA-binding and catalytic activities
of IDH1 may reside in different sites so that they do not

compete with each other. Analysis of the crystal structure
of an asymmetric homodimer of IDH1 (52,82) reveals that
the large and small domains of IDH1 form a large, deep cleft
as the catalytic site. At the bottom of the cleft, the substrate
isocitrate contacts the R132 residue, which is known to form
an extensive interaction network via salt bridges and hydro-
gen bonds with residues around it to stabilize IDH1 struc-
ture (52). Above the catalytic site, we identified a potential
RNA-binding surface, which is covered by four positively
charged amino acids (R249, K260, R314 and R317) and
appears to be positioned far away from the R132 residue
(Supplementary Figure S9A). To test the role of these four
positively charged amino acids in IDH1-RNA binding, we
mutated them individually or in combination to negatively
charged aspartic acid (D) and purified recombinant mutant
proteins for EMSA using 5× GAA(A) RNA probes. Inter-
estingly, all these mutations attenuated the RNA-binding
activity of IDH1 at different levels (Supplementary Figure
S9C–E). For example, the mutant protein of IDH1 with
R314D and R317D double mutations exhibited the most
severe loss of RNA-binding activity with a Kd of 10.3 ± 1.5
�M, while R249D or K260D single mutant had a larger Kd
of 7.5 ± 0.8 or 3.6 ± 0.2 �M, respectively, compared to a
Kd of 0.43 ± 0.06 �M for the wild-type IDH1.

Intriguingly, we found that R132H mutation dramati-
cally alters the positions of the above four positively charged
residues as shown in the crystal structure of IDH1R132H

mutant protein (Supplementary Figure S9G). In addition,
we performed IDH1 truncation and in vitro RNA pull-
down to map its RNA-binding domain (Supplementary fig-
ure S9F). The minimal segment of IDH1 that harbors the
RNA-binding activity resides in amino acid residues 136–
285. Coincidently, this segment comprises the two key flexi-
ble regions (residues 132–141 and residues 271–286), which
exhibit large structural changes with greater flexibility for
being mostly disordered as shown in the crystal structure of
IDH1R132H mutant (52). Taken together, we propose that
IDH1 has distinct RNA-binding and catalytic sites, and the
residue R132 interacts with the substrate isocitrate, but not
RNA, in the catalytic cleft. Structural changes caused by
R132H mutation may disrupt the potential RNA-binding
surface, consequently leading to its loss of RNA-binding
activity. Yet, firm confirmation of the RNA-binding sites
of IDH1 will have to await structural analysis of the IDH1–
RNA complex.

DISCUSSION

Here, we described a rapid and unbiased approach that uti-
lizes HuProt arrays to comprehensively interrogate proteins
with RNA-binding activity, and identified 671 proteins that
interact with 13 lncRNA transcripts (z-score ≥ 10). In vitro
pull-down validated 82 pairs of randomly selected RNA–
protein interactions that comprise the classical and uncon-
ventional RBPs, with a false positive rate of 18% and a
false negative rate of 43% in our screens. The HuProt ap-
proach appears superior in terms of unbiased identifica-
tion of transient or weak interactions of RNA and pro-
teins, whose expression is not limited to a certain cell type.
In comparison, the in vivo approaches often bias towards
abundant proteins and/or those with strong RNA-binding
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activities. As the HuProt lacks protein complexes and cel-
lular contexts, our screens may underestimate the scope of
in vivo RNA–protein interactions. Nevertheless, FBioCLIP-
seq profiling of LIN28A and IDH1 in ESCs demonstrated
that our approach is reliable to identify physiologically rel-
evant protein-RNA interactions. Interestingly, 525 of the
671 identified proteins do not carry any conventional RBDs
and are enriched in functions that are not directly related to
RNA; and 431 were identified as potential RNA-binding
proteins for the first time in our study, thus expanding the
current catalogue of RBPs. The interplay between RNA
regulation and diverse cellular processes is of a much greater
degree than previously anticipated.

About 87 proteins are directly involved in transcription
and chromatin functions, serving as a bridge that con-
nects lncRNAs to global transcriptional regulation. Several
of them, such as EED, DNMT3A and TARDBP (TDP-
43), have been identified as RBPs via candidate-based ap-
proaches (83–86), supporting a proposed role of RNA–
protein interactions in mediating epigenetic and transcrip-
tional regulation. Unexpectedly, we found that 17 small
GTPases known to function in vesicle transport may har-
bor the RNA-binding activity, among 126 of ∼154 anno-
tated small GTPases spotted on the HuProt array. Com-
pared with other lncRNAs tested, lncRNA Evx1as showed
a higher preference to small GTPases. In addition to the re-
ported cis-regulatory role of Evx1as on chromatin (58), we
speculate a possible involvement of Evx1as in cell-cell com-
munication through its association with RAB proteins. Sev-
eral lncRNAs, including lincROR, lncARSR and lncPAR-
TICLE, have been implicated in regulating intercellular
communication and drug sensitivity via exosome-mediated
transmission in cancer cells (87–89). Signal recognition par-
ticle (SRP) RNA could enhance the GTPase activity of the
SRP-receptor complex in co-translational protein targeting
to cell membranes (90). Intriguingly, it was reported that
∼1.6% of lncRNAs associate with lipid directly or indi-
rectly (91,92). Together, these observations suggest a poten-
tial role of small GTPases in linking RNA biology and vesi-
cle transport. Small GTPases, particularly those in the RAB
family, might be regulated by RNA or have RNA-related
functions in which RNA transcripts act as cargo.

Moreover, this study revealed many more metabolic en-
zymes that moonlight as RNA-interacting proteins. About
53 newly identified unconventional RBPs are well charac-
terized metabolic enzymes known to regulate oxidation-
reduction processes and cover much of the landscape of in-
termediary metabolism (93). This finding lends support to
the hypothesis that the RNA-binding activity of metabolic
enzymes serves as a regulatory link to mediate cross-talks
between gene expression and intermediary metabolism
(94,95). Importantly, we provided complementary lines of
evidence to illustrate, for the first time, the RNA targets and
binding preferences of IDH1 in vitro and in vivo.FBioCLIP-
seq in ESCs revealed that IDH1 targets to a large set of
∼1,341 mRNA transcripts enriched in GA- or AU-rich mo-
tifs. Direct interactions between IDH1 and ssRNA contain-
ing GA- or AU-rich but not GC-rich sequences revealed by
native EMSA, and mapping potential residues and mini-
mal sequences required for IDH1 binding to RNA, demon-
strate that the ssRNA-binding activity of IDH1 is direct and

sequence-dependent, corroborating the role of IDH1 as a
novel RBP.

Interestingly, the mRNA targets of IDH1 are specifically
enriched in functions related to transcriptional and chro-
matin regulation, cell cycle and RNA processing. It was re-
ported that the subset of genes encoding transcription fac-
tors, chromatin modifying enzymes and cell-cycle-specific
regulators are more likely to produce unstable mRNAs and
proteins based on global quantification of the abundance
and turnover of mammalian transcriptome and proteome
(96). In addition, the GA-rich RNA motifs identified in
more than half of IDH1 targeting sites in ESCs have been
widely recognized by many protein regulators of splicing,
translation, lineage development and innate immune re-
sponse (56,75,97–100). Moreover, AU-rich motifs, enriched
in IDH1 target RNAs in the 3′ UTR regions, are similar
to the regulatory AU-rich element (ARE) within 3′ UTR,
which is reportedly to be bound by metabolic enzymes such
as GAPDH to regulate the translation and stability of tar-
get mRNAs (101–103). The fact that IDH1 preferentially
binds to specific RNA elements on a specific set of target
transcripts with distinct functional enrichments implies a
potentially functional link of IDH1’s RNA-binding activity
to particular cellular processes. Intriguingly, the RNA tar-
gets of IDH1 exhibit higher m6A levels, and the oncogenic
R132H mutant of IDH1 shows impaired RNA-binding ac-
tivity. Future studies to define the in vivo function of IDH1
binding to RNA should provide physiological and func-
tional insights into IDH1-RNA interactions.

In summary, our work reports valuable resources of un-
conventional RBPs and novel RNA-binding activities of
IDH1, providing a useful launch pad to study the biolog-
ical roles and mechanisms of RNA-mediated regulations in
unexpected layers of cellular regulatory networks. Elaborat-
ing RNA–protein interactions may contribute to intertwine
regulatory networks of diverse cellular processes. Revela-
tion of the functional and physiological significance of novel
RNA–protein interactions and the underlying mechanisms
will certainly bring future surprises of RNA-centered regu-
lation in biology.
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