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ABSTRACT

CUGBP Elav-like family member 1 (CELF1), an RNA-
binding protein (RBP), plays important roles in the
pathogenesis of diseases such as myotonic dys-
trophy, liver fibrosis and cancers. However, target-
ing CELF1 is still a challenge, as RBPs are con-
sidered largely undruggable. Here, we discovered
that compound 27 disrupted CELF1-RNA binding
via structure-based virtual screening and biochem-
ical assays. Compound 27 binds directly to CELF1
and competes with RNA for binding to CELF1. Com-
pound 27 promotes IFN-� secretion and suppresses
TGF-�1-induced hepatic stellate cell (HSC) activation
by inhibiting CELF1-mediated IFN-� mRNA decay. In
vivo, compound 27 attenuates CCl4-induced murine
liver fibrosis. Furthermore, the structure-activity re-
lationship analysis was performed and compound
841, a derivative of compound 27, was identified as
a selective CELF1 inhibitor. In conclusion, targeting
CELF1 RNA-binding activity with small molecules
was achieved, which provides a novel strategy for
treating liver fibrosis and other CELF1-mediated dis-
eases.

INTRODUCTION

CUGBP Elav-like family member 1 (CELF1), an RNA
binding protein (RBP), plays important roles in various dis-
eases, including myotonic dystrophy (1), dilated cardiomy-

opathy (2), tumour metastasis (3) and liver fibrosis (4).
CELF1 binds to GU-rich elements in mRNA and regulates
mRNA splicing, translation and decay (5–10). In myotonic
dystrophy type 1 (DM1), a CTG repeat expansion muta-
tion in the 3′UTR of DM protein kinase (DMPK) leads to
nuclear accumulation of CELF1, which causes mRNA dys-
regulation (11). In dilated cardiomyopathy, elevated CELF1
promotes Cx43 mRNA degradation by binding GU-rich el-
ements in the 3′UTR of Cx43, which causes cardiac pheno-
types in the infarcted heart (2). CELF1 functions as a cen-
tral node to regulate translational activation of EMT genes
and drive tumour progression (3). Previously, we found that
CELF1 promoted hepatic stellate cell (HSC) activation and
liver fibrosis by inducing antifibrotic IFN-� mRNA de-
cay (4,12–14). CELF1 expression is selectively upregulated
in activated HSCs. Knockdown of CELF1 expression at-
tenuates murine liver fibrosis (4). These findings suggest
that CELF1 is an attractive target for treating various dis-
eases, including liver fibrosis. However, no inhibitor target-
ing CELF1 has been reported.

RBPs are rapidly emerging as therapeutic targets (15–22).
However, targeting RBPs with small molecules is still a chal-
lenge because most RBPs are considered undruggable due
to a lack of well-defined binding pockets (18). One strat-
egy to block the function of RBPs is to target their RNA
binding activity by disrupting the interaction between the
RBP and its target RNA (16). The binding characteris-
tics between CELF1 and GU-rich elements have been dis-
covered (11,23–25). CELF1 harbours three RNA recogni-
tion motifs (RRMs). The first two RRMs (RRM1/2) of
CELF1 are capable of binding independently to a single
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UGU site. A structural study showed that both RRM1
and RRM2 bind UGU(U/G) elements in a highly similar
way (26). Phe19/Phe111, Gln22/Met114, Cys61/Cys150,
Phe63/Phe152, Gln93/Val182 and Asp98/Asp187 residues
mediate intermolecular contacts in the crystal structures
of RRM1/2-RNA complexes. Thus, we think targeting the
binding surface between RRM1/2 and the UGUU element
may block CELF1 RNA-binding activity.

Here, by combining in silico screening and biochemical
assays, we discovered that small molecule compound 27
was a disruptor of CELF1-RNA binding. Compound 27
binds to CELF1 to compete with RNA. Compound 27 in-
hibits CELF1-mediated IFN-� mRNA decay and controls
HSC activation. In vivo, compound 27 attenuates CCl4-
induced murine liver fibrosis. Furthermore, the structure-
activity relationship analysis was performed and compound
841, a derivative of compound 27, was identified as a selec-
tive CELF1 inhibitor. In conclusion, we discovered CELF1
RNA-binding inhibitors that maintain HSC homeostasis
for the treatment of liver fibrosis.

MATERIALS AND METHODS

Virtual screening

The crystal structure of CELF1 (PDB: 3NMR) was pre-
pared in the protein preparation Wizard Workflow of
Schrodinger software package (Schrodinger LLC, New
York, NY, 2010). All crystal water molecules were deleted
from the structure. The structure was then minimized with
the OPLS 2005 force field. Then, a three-dimensional re-
ceptor grid was generated at guanosine site using the Re-
ceptor Grid Generation module from the Maestro software
(Schrodinger LLC, New York, NY, 2010). The other param-
eter values were assigned to default.

The commercial Specs database (https://www.specs.net)
was selected for virtual screening. Compounds contain-
ing PAINS or violating ‘Lipinski’s Rule of Five’ were re-
moved from the compound library. LigPrep (version 2.4,
Schrödinger, LLC, New York, NY, 2010) was used to gener-
ate stereoisomers and tautomer, and the stereoisomers were
generated at most 32 per ligand. The protonation states of
ligands at pH 7.0 ± 2.0 were generated with Epik. The pre-
pared receptor and ligand files were imported into the Lig-
and Docking module using the Glide module of Maestro
software (Glide, version 6; Schrödinger LLC, New York,
NY, 2010) with the standard precision mode (SP) (27). The
top-ranked 10 000 poses were grouped into 100 clusters. The
similarity between two compounds was calculated using the
Tanimoto coefficient of ECFP4 fingerprint (28). After vi-
sual inspection of the binding poses of these compounds,
90 molecules with structural diversity and shape rational-
ity were selected and purchased for further biological assay
evaluation.

Mice

Eight-week-old male ICR mice were supplied by the Experi-
mental Animal Center of Yangzhou University (Yangzhou,
China). All of the male ICR mice received humane care ac-
cording to the criteria outlined in the ‘Guide for the Care
and Use of Laboratory Animals’ prepared by the National

Academy of Sciences and published by the National Insti-
tutes of Health. All animal experimental procedures were
approved by the Animal Care Committee of Nanjing Uni-
versity (Nanjing, China).

Cell culture

The human hepatic stellate cell line LX-2 was purchased
from Xiang Ya Central Experiment Laboratory, Central
South University, China. LX-2 cells were cultured in Dul-
becco’s modified Eagle’s medium with 2% fetal bovine
serum, Primary HSCs were isolated from the mouse liver ac-
cording to a reported protocol and cultured in n Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum. All
cells cultured under a humidified 5% (v/v) CO2 atmosphere
at 37◦C.

CELF1 RRM1/2 protein expression

CELF1 RRM1/2 (1–187 aa) containing 8*His tag at N-
terminal was cloned into pET28b (+) vector with NcoI and
EagI restriction sites. All proteins were overexpressed in Es-
cherichia coli BL21 (DE3) cells grown in Luria Broth me-
dia. All media was treated with 50 �g/ml kanamycin. Pro-
tein expression was induced for 16 h at 30◦C. Harvested cells
were lysed by sonication in 50 mM Tris, 50 mM NaCl, pH
7.5 buffer. A protease inhibitor cocktail was added immedi-
ately before sonication.

Fluorescence polarization (FP) assay

RNA probes labeled with 3′Cy3 with the following se-
quences were purchased from GenScript: GU Probe, 5′-
UUGUUGUU-3′; Random Probe, 5′-GUUUAUGU-3′,
Initial optimization experiments were performed in 96-
well black plates (Corning) using the TECAN spark plate
reader. For assay optimization and determination of the
equilibrium dissociation constant, CELF1 RRM1/2 and 10
nM fluorescein labeled RNA probes were added to the as-
say buffer (25 mM Tris pH 7.5, 25 mM NaCl, and 1% (v/v)
Tween-20) with a final volume of 150 �l and incubated at
RT for 30 min. For the compound screening assay, com-
pounds at 100 �M were added to the wells prior to the
protein−RNA complex. For the compound competition as-
say, compounds with Ten doses (0.39−200 �M) were added
to the wells prior to the protein−RNA complex. Polariza-
tion measurements were taken after incubation at RT for 30
min.

Electrophoresis mobility shift assay (EMSA)

Compound 27 was pre-incubated with 50 nM CELF1
RRM1/2/3 for 10 min at room temperature and followed
with adding 50 nM Rox labeled oligonucleotide RNA probe
in assay buffer (25 mM Tris pH 7.5, 25 mM NaCl, and 1%
(v/v) Tween-20). Samples were run in non-denatured glue
and gel shift was detected with IE800 (Cytiva, USA)

Isothermal titration calorimetry

ITC measurements were collected using a Microcal VP-ITC
calorimeter. All experiments were performed at 25◦C. An

https://www.specs.net
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amount 40 �M solution of the protein injected from the sy-
ringe. The titration consisted of 20 injections of 10 �l each
at 2-min intervals. Data was analysed using the Microcal
ORIGIN software.

Flow cytometry analysis

Stable transfection of dual fluorescence reporter (OBiO
Technology, China) cells are plated into 12-well plates with
1 × 105 cells per well. 20 �M compounds was added
and treated for 24 h. Cells were corrected for detect-
ing EGFP/mCherry fluorescence intensity. Flow cytometry
analysis was performed on Attune NxT Cytometer.

Enzyme-linked immunosorbent assay

LX-2 cells were treated with 20 �M compound 27 for 24
h and the cell supernatant was collected for ELISA as-
say. ELISA kit for human IFN-� was bought from BD
company (555142). 96-well microplates were bought from
Thermo Nunc (436110). ELISA assays were carried out ac-
cording to the instructions.

Western blot analysis

Proteins were extracted from LX-2 cells in the ly-
sis buffer. Antibodies used in western blot were: Goat
Anti-Type I Collagen-AF488 (Southern Biotech, 1310-30,
1:1000 dilution), CELF1 (Santa Cruz Biotechnology, SC-
20003, 1:1000 dilution), �-SMA (Santa Cruz Biotechnol-
ogy, SC-32251, 1:1000 dilution), anti-�-tubulin (Abmart,
M20005M, 1:1000 dilution), GAPDH (Abmart, AM1021B,
1:1000 dilution). The relative expressions were quanti-
fied according to the reference bands of �-tubulin or
GAPDH.

Immunofluorescence cytochemistry

Mouse primary HSCs adhered to glass were fixed with
4% paraformaldehyde (40 min, room temperature). Cells
were further stained with the following antibodies: �-SMA
(Santa Cruz Biotechnology, SC-32251, 1:50) detected with
secondary antibodies: goat anti-mouse IgG2a conjugated
to Alexa Fluor 594 (Invitrogen, A-21135, 1:1000). The cov-
erslips were counterstained with DAPI and imaged with a
confocal laser scanning microscope (Olympus, Lake Suc-
cess, NY). Examination was blindly carried out.

Reverse transcriptase-PCR and quantitative PCR

Total RNA was extracted from LX-2 cells using Tripure
reagent (Roche Diagnostics, Indianapolis, IN) as described
by the manufacturer. Single-stranded cDNA was synthe-
sized from 2 �g of total RNA by reverse transcription us-
ing 0.5 �g of oligo (dT) 18 primer. PCR was performed at
94◦C for 30 s, 58◦C for 1 min and 72◦C for 1 min. The level
of GAPDH RNA expression was used to normalize the
data. The primers used for quantitative PCR are described
in Supplementary Table S1.

RNA interference

Transfections were performed with Lipofectamine
RNAiMAX transfection Reagent (13778150) (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s
recommendations. CELF1-specific siRNA (1299003) and
non-silencing siRNA (12935200) (Invitrogen, Carlsbad,
CA) were transfected on cells with a siRNA concentration
of 100 nM.

Tissue sirius red staining

Formalin fixed and paraffin embedded liver fibrosis tissue
arrays were cut 5 �m. Sirius Red staining was performed
by Servicebio (Wuhan, China). The liver fibrosis stage was
assessed by Ishak scale.

Hydroxyproline content assay

The hydroxyproline content in the liver was determined by
the spectrophotometric method according to the hydrox-
yproline assay kit’s instruction manual. The data are ex-
pressed as Hyp (�g) per wet liver weight (g).

In well protein RNA-binding assay

293T cells were transfected with indicated CELF member
plasmids containing Flag tag and the cell lysates were col-
lected. In well protein RNA-binding assay was performed
on 96-well microplates (Thermo Nunc, 436110) pre-coated
with 100 �g/ml Strepavidin (NEB, 7021S). Compound 27
mixed with 10 nM Biotin-GU RNA and some amount cell
lysate were added to the wells and incubate for 30 min at
room temperature. Wash three times with PBST and then
incubate with HRP conjugated anti-Flag antibody for an-
other 30 min at room temperature. Wash five times with
PBST and incubate with TMB ELISA substrates. Stop
the reaction with stop solution and detect with microplate
reader.

Statistical analysis

Statistically evaluated by Student’s t test with two-tailed test
when only two value sets were compared, and one-way anal-
ysis of variance followed by Dunnett’s test when the data
involved three or more groups. P < 0.05 was considered sig-
nificant.

RESULTS

The RRM1/2 of CELF1 is targeted by a small molecule com-
pound 27 that disrupts CELF1-RNA binding

The crystal structure of CELF1 with RNA (PDB ID:
3NMR) was evaluated to screen small molecule inhibitors
of CELF1 RNA-binding activity. The small molecule bind-
ing site of CELF1 RRM2 was settled for competing RNA
binding (Figure 1A). The overall workflow of virtual screen-
ing is shown in Figure 1B. We chose a commercially avail-
able Specs database as the ligand library. Lipinski’s rule of
five and pan-assay interference structure (PAINS) were used
to filter the data, and the remaining 100,000 compounds
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Figure 1. Identification of compound 27 as a small molecule inhibitor to disrupt the CELF1–RNA interaction. (A) Surface representations of the crystal
structures of RRM1/2 of CELF1 (PDB ID: 3NMR) bound to RNA. (B) The workflow of virtual screening. (C) FP values for the 90 screened compounds.
(D) Chemical structure of compound 27. (E) FP values of compound 27 for RRM1/2-RNA binding inhibition. (F) RRM1/2 was pre-treated with com-
pound 27 at indicated concentrations and then incubated with a 50 nM fluorescein labelled RNA probe. The position of migration of the probe bound to
RRM1/2 is indicated with an arrow. Error bars in E depict mean ± SD.

were prepared and docked into the binding site of the pre-
pared CELF1 RRM2. The top-ranked 10 000 molecules
were selected and clustered into 90 groups. According to the
scoring results, we selected the top 90 molecules for further
biochemical analysis. To evaluate the disrupting activity of
90 molecules, we designed a FP assay. We generated an 8-nt
GU probe containing the known CELF1 recognition motif
(UUGUU) and a single Cyanine 3 fluorescein label ligated
to the 3′-end (Supplementary Figure S1A). Recombinant
RRM1/2 (aa 1–187) of CELF1 was titrated with GU probe
and examined by FP, which demonstrated that RRM1/2 as-
sociates with the GU probe (Supplementary Figure S1B–
D). Titration with increasing amounts of unlabeled cold
probe demonstrated the reversibility and specificity of the
association (Supplementary Figure S1E).

Next, a FP screening was performed to determine the
competitive activity of the selected compounds with a
GU-rich probe. The FP values of 90 compounds against
RRM1/2 are shown in Figure 1C. Compound 27 showed
the highest competitive activity, with an IC50 value of
22.99 �M (Figure 1D and E). Further, EMSA was cho-
sen as an orthogonal assay to evaluate compound 27 in
dose response. A 19-nt RNA probe was generated and its
binding with CELF1 RRM1/2/3 was detected by EMSA
(Supplementary Figure S2). Compound 27 disrupted the

RRM1/2/3-RNA interaction in a dose-dependent manner
(Figure 1F). To evaluate the specificity of compound 27, we
selected HuR, an AU binding protein for further test. Our
data indicate that the compound 27 did not disrupt HuR-
RNA binding activity in FP assay (Supplementary Fig-
ure S3A–C). Consistently, compound 27 did not affect the
mRNA stability of MMP9 and VEGFA, two well-known
HuR targets (29,30) (Supplementary Figure S3D). There-
fore, compound 27 was chosen as a hit compound for fur-
ther study.

Compound 27 binds to CELF1 mainly at K117 and competes
with GU-rich RNA

To investigate whether compound 27 directly bound to
CELF1, a putative binding mode of compound 27 with
RRM2 of CELF1 was generated by Schrödinger software.
The amino acids Lys117, Arg148 and Cys177 were pre-
dicted as putative residues of CELF1 RRM2 for compound
27 binding (Figure 2A). The binding poses of compound
27 were similar to the poses of RNA binding to RRM2
(Figure 2B). To directly test our docking model, we mu-
tated the putative interacting residues (K117A, R148A and
C177A) and determined their ability to bind to compound
27 by using isothermal titration calorimetry (ITC). The
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CELF1 S147A mutation, which was not predicted to dis-
rupt CELF1–RNA interaction, was taken as a negative
control. The CELF1 K117A mutants had significantly de-
creased binding to compound 27 (K117A: Kd value not de-
tected; R148A: Kd 19.9 ± 2.8 �M; C177A: Kd 21.3 ± 3.3
�M, compared with 9.6 ± 1.3 �M for wild-type (WT) and
9.2 ± 1.6 �M for S147A) (Figure 2C and Supplementary
Figure S4), suggesting the residue K117 is critical for the
binding. Consistent with the ITC results, compound 27
was not able to inhibit the binding between K117A mu-
tant CELF1 and RNA, as shown by FP and EMSA (Fig-
ure 2D and E). Importantly, we experimentally validate that
K117A single mutation could decrease interaction between
RRM1/2 and GU probe in FP assay (Supplementary Fig-
ure S5). These data suggest that the K117 residue of CELF1
was critical for the inhibition of CELF1 RNA-binding by
compound 27.

We further examine the binding affinity of compound 27
to various RNAs to check the possibility that compound
27 disrupts CELF1–RNA interaction by binding to RNA.
Using ITC, we found compound 27 did not bind to UUGU-
UGUU or (CUG)8 (Supplementary Figure S6). Overall,
these data suggest that compound 27 is selectively binding
to CELF1 to competing GU RNA.

Compound 27 inhibits HSC activation via preventing
CELF1-mediated IFN-� mRNA degradation

One function of CELF1 is to mediate mRNA degradation.
IFN-� mRNA is a CELF1 substrate and IFN-� plays an
antifibrogenic role in liver fibrosis (14,31,32). CELF1 medi-
ates IFN-� mRNA degradation by binding to GU-rich ele-
ments in the 3′UTR of IFN-� mRNA (4). To further mon-
itor if compound 27 attenuates CELF1 mediated mRNA
decay in living cell, we generated an EGFP/mCherry-
based dual fluorescence reporter. In this reporter, the IFN-
� mRNA 3′UTR was cloned downstream of EGFP, and
mCherry was used as an internal reference (Figure 3A).
Knockdown of CELF1 by small interfering RNA signifi-
cantly increased the EGFP/mCherry ratio, which suggests
that the reporter is a good tool for examining CELF1 ac-
tivity (Figure 3B). Furthermore, compound 27 significantly
increased the EGFP intensity but had no effect on the
mCherry intensity, suggesting that compound 27 may effec-
tively inhibit IFN-� mRNA expression (Figure 3C). Fur-
ther, we examined RNA stability of CELF1 targets. Besides
IFN-� , another well-known CELF1 targets c-JUN was in-
cluded here to confirm that compound 27 can block the
CELF1 function (8). In line with expectation, compound
27 protected IFN-� and c-JUN mRNA from degradation
in LX-2 cells (Figure 3D). In addition, the ELISA results
showed that compound 27 increased IFN-� protein levels in
LX-2 cell supernatants accompanying with increased IFN-
� mRNA (Figure 3E and F).

Compound 27 attenuates CCl4-induced murine liver fibrosis

HSC activation is a key step in liver fibrogenesis and CELF1
is a key regulator that contributes to HSC activation accom-
panied by increased �-SMA and collagen I(�)1 (4,12). To
determine whether compound 27 attenuated HSC activa-

tion, we examined the effects of compound 27 on the activa-
tion of LX-2 cells and primary murine HSCs by evaluating
�-SMA and collagen I(�)1 expression. In LX-2 cells, com-
pound 27 significantly inhibited �-SMA and collagen I(�)1
protein expression, while compound 21, a negative control,
did not induce inhibition (Figure 4A). In primary murine
HSCs, compound 27 also reduced �-SMA protein expres-
sion (Figure 4B). Consistently, compound 27 downregu-
lated ACTA2 and COL1A1 mRNA expression (Figure 4C).
But compound 27 failed to reduce collagen I(�)1 expression
in CELF1-knockdown LX-2 cells (Figure 4D). These data
suggested that compound 27 inhibited HSC activation in a
CELF1-dependent manner.

Next, we generated a CCl4-induced murine liver fibro-
sis model to test whether compound 27 attenuates liver fi-
brosis in vivo. To determine the dosage and method of ad-
ministration, pharmacokinetics and pharmacodynamics re-
searches of compound 27 were carried out (Supplemen-
tary Figure S7). Two doses (1 mg/kg and 3 mg/kg) of
compound 27 were administered daily by intraperitoneal
injection, and colchicine was used as a positive control.
Compound 27 induced a marked reduction in the fibrotic
surface (Figure 4E). In line with the histological analysis,
the mRNA expression of profibrotic genes (including α-
SMA and Col1a1) further demonstrated that compound 27
was effective against liver fibrosis (Figure 4F). Consistently,
the administration of compound 27 significantly reduced
serum ALT, AST and tissue hydroxyproline levels (Figure
4G). Overall, these results suggested that compound 27 ex-
erted a protective effect against CCl4-induced liver fibrosis
in mice.

Compound 841, a derivative of compound 27, selectively in-
hibits CELF1 RNA-binding activity

To test structure-activity relationships, we synthesized
derivatives of compound 27 based on the aminoisoquino-
line pharmacophore (Supplementary Figure S8 and Sup-
plementary Material). Among all the synthesized com-
pounds (Compounds 837–841), compounds 838 and 841
significantly increased EGFP intensity in IFN-� dual flu-
orescence reporter (Figure 5A). Further, we confirmed that
compounds 838 and 841 disrupted the RRM1/2-RNA in-
teraction at concentrations of 12.28 �M and 1.52 �M, re-
spectively (Figure 5B). In EMSA assay, compounds 838 and
841 disrupt RRM1/2/3 and RNA interaction (Figure 5C).
Finally, compounds 838 and 841 was confirmed to decrease
collagen I(�)1 and �-SMA expression in LX-2 cells (Fig-
ure 5D). According to the structure of compounds 27, 838
and 841, we speculated that 3-aminoisoquinoline pharma-
cophore is indispensable for compound disrupting activity.
In addition, the amino group at position 7 in the isoquino-
line was also important, as the deletion or substitution of
amino groups caused reduced compound activity. While the
halogen atom at position 1 in the isoquinoline had little
effect on the activity of the compound compared between
compounds 838 and 841.

To confirm the selectivity of compounds 27, 838, 841 for
CELF family, we performed an in-well protein-RNA bind-
ing assay, as showed schematically in Figure 6A. The plat-
form showed a 5.3-fold signal-to-noise ratio, which indi-
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cates that it is a good platform for further research (Fig-
ure 6B). Titration with increasing amounts of unlabeled
GU RNA demonstrated the reversibility and specificity of
the association (Figure 6C). Based on the in-well protein-
RNA binding assay, we found that compound 27 induced
a stronger inhibition of CELF1/2 than other CUG bind-
ing proteins (Figure 6D). Furthermore, we found that com-
pound 841 is the most selective inhibitor of CELF1 (Figure
6D). In addition, compound 841 downregulated COL1A1
and ACTA2 mRNA expression and upregulated IFN-γ
mRNA expression in a dose dependent manner (Figure 6E).

Taken together, we identified compound 841 as a selective
CELF1 inhibitor.

Next, we align the sequences of six CELF family proteins
(CELF1-6) and found compound 27 binds S116, R148,
E175 and C177 residues that were conserved in CELF1/2
but not in CELF3-6 (Supplementary Figure S9A), which
explains the selectivity of compound 27. In addition, com-
pound 841 but not 27 is predicted to interact with I115
residue by docking (Supplementary Figure S9B–D), which
may explain why compound 841 is more specific than com-
pound 27 in targeting CELF1. In addition, a meta-analysis
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of all human RRM domains from RRM 1 (PF00076) fam-
ily in Pfam database showed that the coincidence of I115 &
C177 in CELF1 in RRM domain of CELF1 is rarely seen in
other RRM domain-containing proteins (33) (Supplemen-
tary Figure S9E and Supplementary Table S2). These data
suggest that compound 841 is a selective CELF1 inhibitor.

DISCUSSION

CELF1 is a key regulator of many diseases and is consid-
ered an attractive drug target. However, no small molecule
inhibitors of CELF1 have been reported. Here, we screened
and discovered that compound 27 was a disruptor of the
CELF1-RNA interaction, with an IC50 value of 22.99 �M

(Figure 1). Compound 27 showed unique pharmacologi-
cal activity, restoring HSC homeostasis for the treatment of
liver fibrosis via autocrine secretion of IFN-� in activated
HSCs. The pharmacological action of compound 27 pro-
posed a novel therapeutic strategy for liver fibrosis.

CELF1 RRM2 contacts UGUU of the RNA segment
via a network of direct and water-mediated hydrogen
bonds and base-aromatic amino acid stacking interac-
tions. The Watson–Crick and Hoogsteen edge of guanine
are involved in two direct and one water-mediated hydro-
gen bonds. Experimental data showed that the substitu-
tion of guanines with either A, C or U in GU sequence
(GUUGUUUUGUU) at position 4 and 10 caused unde-
tectable binding to RRM1/2. This suggest the guanine is
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RRM1/2 of CELF1 and disrupts the CELF1-RNA interaction, which blocks IFN-� mRNA degradation. The upregulated antifibrogenic IFN-� inhibits
HSC activation and attenuates liver fibrosis.

important for GU RNA binding to RRM1/2 and this is
why we performed in silico screening using the guanine
binding site.

The discovery of CELF1 and CELF2 was based on their
ability to bind (CUG)8 oligonucleotides (34). CELF1 has
the highest identity (> 90%) to CELF2 among CELF fam-
ily members (35). Thus, it is challenging to inhibit CELF1
but not CELF2. Compound 27 showed the highest disrupt-
ing activity for targeting CELF1/2 compared with other
CELF family members (Figure 6). Selectively targeting
CELF1 RNA-binding activity may bring low side effects
and be beneficial for further in vitro and in vivo tests. Un-
derstanding the structural basis of the CELF1–RNA bind-
ing interface is important for developing selective CELF1
inhibitors. The Lys117 residue of CELF1 was found to
be important for the CELF1–RNA interaction by chemi-
cal shift perturbation analysis and crystal structure analy-
sis (23,24,26). Consistently, we found that an arginine-to-
alanine mutation at position 117 significantly reduced the
binding of RRM2 to RNA by FP assay (Supplementary
Figure S5). Furthermore, the Lys117 residue of CELF1 was
also determined to be critical for the inhibition of CELF1-
RNA binding by compound 27 (Figure 2E), which suggests
that targeting CELF1 Lys117 is a potential solution for dis-
rupting the CELF1-RNA interaction. Accordingly, deriva-
tives of compound 27 that may target the Lys117 residue
were further investigated. Compound 841, a derivative of
compound 27, was identified as a selective CELF1 inhibitor
(Figure 6D). We further found that the residue Ile115, which
was predicted to be interacted with compound 841 but not
27 in our docked model, is specific to CELF1 compared
with CELF2–6. These data suggest that targeting Ile115 in
RRM2 maybe a strategy for developing specificity CELF1–
RNA disruptor. In addition, we confirmed that the com-
pound 27 has no interaction with RNA (Supplementary
Figure S6). These data suggest compound 27 is a CELF1-
specific inhibitor. While the possibility that compound 27
has an allosteric effect on CELF1 won’t be rule out.

Inducing IFN-� autocrine secretion in activated HSCs is
a promising strategy for treating liver fibrosis. However, this

strategy lacks appropriate pharmaceutical interventions.
Subcutaneous injection of recombinant IFN-� to treat liver
fibrosis was investigated. However, it failed to reverse fibro-
sis in patients with advanced liver fibrosis or cirrhosis (36).
There may be several reasons for the ineffectiveness of IFN-
� therapy. For example, recombinant IFN-� is captured by
IFN-� receptors expressed in many non-HSCs. The short
half-life of recombinant IFN-� also limits its efficacy. Com-
pared with recombinant IFN-� , compound 27 has advan-
tages. Compound 27 promotes IFN-� expression in acti-
vated HSCs and controls HSC activation in an autocrine
manner, which suggests that compound 27 could achieve
high efficiency. Furthermore, knockdown of CELF1 is not
able to induce IFN-� expression in hepatocytes, liver sinu-
soidal endothelial cells, or Kupffer cells (4), which suggests
that targeting CELF1 by compound 27 could selectively in-
duce IFN-� expression in activated HSCs. The cell selec-
tivity of compound 27 presents good druggability profiles
with fewer potential side effects. Thus, the discovery of com-
pound 27 reveals a novel way to induce endogenous antifi-
brotic IFN-� in activated HSCs for the treatment of liver
fibrosis.

In conclusion, targeting CELF1 RNA-binding activity
was achieved by small molecules, which promoted IFN-�
autocrine for controlling HSC activation (Figure 7). Target-
ing CELF1 RNA-binding activity may be a novel strategy
for the treatment of liver fibrosis and other CELF1-related
diseases.
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