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ABSTRACT: Protein arginine methyltransferase 5 (PRMT5),
which symmetrically dimethylates cytosolic and nuclear proteins,
has been demonstrated as an important cancer therapeutic target.
In recent years, many advanced achievements in PRMT5 inhibitor
development have been made. Most PRMT5 inhibitors in the
clinical trial focus on targeting the C-terminal catalytic domain,
whereas developing small molecules to interrupt the PRMT5/
pICLn (methylosome subunit) protein−protein interface is also of
great importance for inhibiting PRMT5. Here, we describe a
machine-learning-based virtual screening method and use this
novel pipeline to screen small-molecule inhibitors of the PRMT5/pICLn interaction. 18 compounds were manually selected for
experimental testing. One compound, Z319334062, showed surface plasmon resonance-binding affinity to the target (KD = 21.5
μM) and dose-dependently inhibited symmetric dimethylation levels in patient-derived glioblastoma cell lines.

■ INTRODUCTION
Protein arginine methyltransferases (PRMTs), a family of
proteins that methylate arginine residues in both histone and
nonhistone proteins, are among the most important methyl-
ation enzymes. These methylation events regulate tran-
scription,1 RNA splicing,2 DNA repair, cell cycle,3 hormone-
receptor signaling,4 and the immune response.5 PRMT5, a type
II PRMT enzyme, utilizes the cofactor S-adenosylmethionine
(SAM) as a methyl donor to symmetrically dimethylate the
protein arginine guanidinium nitrogen, generating a methy-
lated guanidinium moiety and S-adenosylhomocysteine, which
is salvaged and reused for methionine biosynthesis. Clinical
and preclinical studies have shown that increased PRMT5
expression directly correlates with poor cancer prognosis and
survival rate.6 Thus, the development of PRMT5 inhibitors is
of great importance.
Currently, most PRMT5 inhibitors in clinical trials focus on

targeting the C-terminal catalytic domain and can be classified
as SAM-competitive,7−13 substrate-competitive,14−17 or MTA-
cooperative inhibitors18−28 (Figures 1 and 2). However, a new
interface between the PRMT5 N-terminal TIM Barrel Motif
(PBM) and its substrate adaptor proteins (pICLn, Riok1, and
COPR5) was recently revealed by McKinney et al.29,30 This
PBM-SAPs interaction is required for recruiting specific
substrates, including histone and spliceosome complexes, to
the PRMT5 methylation site.31 Two lead compounds, a
covalent inhibitor (BRD0639) and a cyclic peptide (pep-
tide50), were developed to interrupt this interaction.29,32 Both
molecules showed biochemical and on-target cellular activity

that supports the exploration of a new class of PRMT5
inhibitors.
Meanwhile, Beketova et al. demonstrated that inhibiting

PRMT5/pICln interaction can avoid the androgen receptor
(AR) and AR splice variant reactivation in the castration-
resistant prostate cancer (CRPC), which provided a novel
perspective in CRPC treatment.33 Following the previous
mechanism studies, a cryo-EM structure with full-length
PRMT5:MEP50 and pICLn was resolved (unpublished
results). Although most residues were unclear due to the
high flexibility of pICLn, residues 205−234 were found to be
clearly bound to the PRMT5 N-terminal TIM barrel domain.
Surprisingly, a secondary binding pocket was discovered
(Figure 3a). Based on the cryo-EM structure, the short loop
of pICLn205−213 formed a network of van der Waals and
hydrogen bond interactions with PRMT5. The hydrophobic
side chain of Ile211 of pICLn snugly fits into a hydrophobic
pocket composed of side chains of Phe40, Val83, Pro120,
Ala121, and Trp152 of PRMT5 (Figure 3b). Unlike the PBM
site’s flat surface and shallow groove, this newly defined pocket
is more hydrophobic with a deeper pocket for noncovalent
small-molecule inhibitors to bind. Therefore, in this study, we
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aimed to utilize a machine-learning-based virtual screening
pipeline to identify ligands that disrupt PRMT5/pICLn
interactions by targeting this newly defined pocket.

■ RESULTS AND DISCUSSION
In this study, to further validate the key residues of the
hydrophobic pocket, a per-residue binding energy decom-
position calculation was performed by MMPBSA to estimate
the binding energy contribution of single residues in the
s y s t e m . W e fi r s t m a n u a l l y t r u n c a t e d t h e
(PRMT5)4(MEP50)4(pICLn)4 cryo-EM structure, keeping
only the PRMT5 N-terminal TIM barrel (residues 1−292)
and pICLn (residues 205−234), and then ran a 200 ns MD
simulation with the truncated structure. Two clusters of
residues in the pICLn (residues 205−234) peptide contributed
most to the whole binding interactions: Ile211 and Arg212
from the newly defined site; Gln228, Phe229, and Glu230 from
the PBM site (Figure 3c). Thus, besides the PBM site,

pICLn205−213 was also involved in the PRMT5/pICLn
interaction, consistent with the results of Krzyzanowski et al.31

After validating the ligand-binding site, we applied a
machine-learning-based virtual screening method (Figure 4)
to screen small-molecule inhibitors binding to this newly
defined pocket. First, we randomly selected 10,000 diverse
compounds from Enamine HLL-460 Compound Library (460
K) and docked those compounds into the pocket using
AutoDock Vina.34 These data were used to fine-tune the
CHEM-BERT model35 to predict docking scores from the
SMILES strings of compounds (Figure S1a,b). After that, the
whole Enamine HLL-460 Compound Library (460,000
compounds) was scanned with the fine-tuned model (Figure
S1c), and then 10,000 compounds with the best-predicted
scores were docked with AutoDock Vina again to obtain actual
docking scores. To evaluate the model prediction accuracy, the
correlation between vina scores and prediction scores in the set
of selected top 10,000 molecules was shown (Figure S1d).

Figure 1. PRMT5 monomer structure overview and current ligands binding to the N-terminal or C-terminal. The gray cartoon shows the overall
structure of PRMT5. Pink stars indicates the binding site of ligands. The two ligands in the yellow box bind to the PRMT5 N-terminal PBM site. 11
ligands that bind to the C-terminal catalytic site are in clinical trials.

Figure 2. PRMT5 inhibitors in clinical trials.
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18 compounds were selected through visual inspection of
the docking modes from the compound list with the top 100
docking scores (Figure S2). Of those, seven compounds did
not show any surface plasmon resonance (SPR)-binding signal,
10 compounds showed nonspecific interactions, and one
compound, Z319334062, showed specific-binding affinity (KD
= 21.5 μM) to the PRMT5 N-terminal TIM barrel domain
(Figure 5a,b). The Vina Score of Z319334062 is −8.1 kcal/
mol. Meanwhile, a 200 ns MD simulation was run to visualize
the interaction details. The benzo[d]oxazol-2(3H)-one formed
two hydrogen bonds with the Pro120 main chain and the
Trp152 side chain to stabilize the binding on one side of the
molecule (Figure S3), whereas the (trifluoromethyl)benzene
on the other side was inserted into the hydrophobic pocket
composed of side chains of Phe40, Val83, Pro120, Ala121, and
Trp152. The amide bond and thiazole in the middle act as

linkers to connect the two parts (Figure 5c). The binding
energy estimated with MM-PBSA without entropy calculation
was −8.7 ± 3 kcal/mol.
To determine which cell lines to test the compound cellular

activity, RNA-Seq data from six tumor types were analyzed,
and only glioblastoma (GBM) was found with a higher
expression level of PRMT5 and pICLn in tumor tissue (Figure
S4a). Thus, to evaluate whether Z319334062 could disrupt
PRMT5/pICln interaction in a cellular context, two patient-
derived glioblastoma (GBM) cell lines, L1 and R24−03, with
differentially expressed PRMT5 and CLNS1A levels, were
selected (Figure S4b). In the cell viability assay, after 4 day
treatment, the IC50 in L1 (IC50 = 12.8 μM) was significantly
lower than that in R24−03 (IC50 = 51.0 μM), indicating higher
drug sensitivity in PRMT5/CLNS1A overexpressed cell line
(Figure 6a). In addition, cellular treatment with Z319334062
and GSK3326595 (positive control) resulted in inhibition of
PRMT5 methyltransferase function, as demonstrated by the
reduction in symmetric dimethylated arginine (SDMA) level
by Western Blot (Figures 6b and S4c). We found that some
substrates but not all were inhibited by the treatment of
Z319334062. This finding was consistent with the data
published by McKinney et al.30 Finally, to test if
Z319334062 was able to disrupt the interaction between
PRMT5 and pICLn in L1 cells, we used a coimmunopreci-
pitation assay. Under 40 μM Z319334062 treatment, we found
that the PRMT5/pICLn complex was disrupted compared to
the negative control (Figure 6c). In the meantime, we found
that the PRMT5 melting temperature was significantly shifted
under 25 μM Z319334062 treatment for 18 h (Figure 6d).

Figure 3. Interaction between PRMT5 N-terminal (1−292) and pICLn (205−234). (a) Cryo-EM structure of PRMT5 N-terminal (1−292) and
pICLn (205−234). (b) Interactions between PRMT5 and pICLn around newly defined binding sites. Hydrogen bonds are shown in black dotted
lines. The Ile211 of pICLn is inserted into a hydrophobic pocket composed of Phe40, Val83, Pro120, Ala121, and Trp152 of PRMT5. (c)
MMPBSA free-energy decomposition calculation.

Figure 4. Machine-learning-based virtual screening pipeline.
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■ CONCLUSIONS
We applied an ML-based in silico virtual screening method to
identify potential PRMT5 N-terminal TIM barrel-binding
ligands, followed by biochemical screening of 18 potential
inhibitors. Of them, one was considered a promising
noncovalent PRMT5/pICLn inhibitor. In this screening, the
efficiency improved by approximately 96%. Specifically, with
the ML-based pipeline, only 20,000 compounds (in total with
39,090 variants = 22,191 variants for training + 16,889 variants
for selected compounds) needed to be docked. In comparison,

docking the entire library would require processing 460,000
compounds (in total with 867,859 variants). Also, the hit rate
of 5.6% is modest but marks a significant improvement
compared to the less than 1% hit rate typically seen in high-
throughput screening.36 Since the N-terminal domain of
PRMT5 is a newly identified drug binding site, only two
inhibitors were reported to bind to it. One is a covalent binder,
BRD0639 (KD = 13.8 μM),29 and the other is a cyclic peptide,
Peptide50 (KD = 89 ± 11 nM),31 both of which were
discovered following multiple rounds of optimization. In

Figure 5. Biochemical, cellular, and computational evaluation of Z319334062. (a) SPR-binding sensorgram under different concentrations of
Z319334062. (b) Binding affinity (KD) evaluation by SPR. (c) One snapshot from 200 ns MD simulation showed the binding interactions between
Z319334062 and PRMT5 N-terminal.

Figure 6. (a) Cell viability comparison of L1 and R24−03 cell lines under four-day treatment. (b) After drug treatments, the SDMA level of L1
downregulated dose-dependently. (c) 40 μM Z319334062 disrupted PRMT5/pICLn interaction in L1 cell line under four-day treatment. (d) 25
μM Z319334062 shifted PRMT5 melting temperature about 1 °C under 18 h treatment.
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contrast, our lead compound demonstrates a binding affinity of
around 20 μM, achieved solely through machine-learning-
based virtual screening without any optimization, highlighting
its significant potential.
To visualize the binding, we ran a 200 ns MD simulation of

the active compound, Z319334062, bound to the TIM barrel
domain to analyze the binding mode for further structure−
activity relationship optimization. Moreover, we selected two
representative GBM cell lines by a The Cancer Genome Atlas
(TCGA) database screening for cellular investigation. The
results indicated that Z319334062 was much more effective in
the PRMT5/CLNS1A overexpressed cell line under dose-
dependent treatment. In addition, Z319334062 was also able
to disrupt the PRMT5/pICLn interaction at the cellular level.
These evidences suggested that Z319334062 may be a lead
compound for designing more potent analogues for novel
cancer therapeutics.

■ METHODS
TCGA Screening. RNA-Seq data from TCGA was

downloaded using the Genomic Data Commons portal,
focusing on six tumor types: glioblastomas (GBM), invasive
breast cancer, lung adenocarcinoma, prostate adenocarcinoma,
pancreatic adenocarcinoma, and diffuse large B-cell lymphoma
(DLBCL). The data included both tumor and normal tissue
samples for five tumor types (except DLBCL). The RSEM
counts were preprocessed to remove outliers, filtered to
remove lowly expressed genes, and normalized, and differential
gene expression analysis was performed on the five solid
tumors, using the “TCGAbiolinks” package in R. The genes of
interest, PRMT5, and CLNS1A were found differentially
expressed in glioblastoma samples (filtering criteria used: FDR
= 0.01, log FC = 1).
PRMT5 N-Terminal TIM Barrel Protein Expression,

Purification, and Characterization. pT7-FLAG-His-TIM
plasmid was expressed in BL21 competent E. coli (New
England Biolabs, #C2530H). The overnight culture was
harvested and lysed by sonication in wash buffer (20 mM
Tris−HCl, 8 M urea, 500 mM NaCl, 5 mM imidazole, 1 mM
DTT, pH = 8.0). After the removal of cell debris, supernatants
were filtered by 0.22 μm filter (Sigma-Aldrich, #SLGPM33RS)
and then loaded to HisTrap HP His tag protein purification
columns (Cytiva, #29051021), followed by gradient elution
(20 mM Tris−HCl, 8 M urea, 500 mM NaCl, 500 mM
imidazole, 1 mM DTT, pH = 8.0). The elution product was
dialyzed in refolding buffer (20 mM Tris−HCl, 5% glycerol,
500 mM NaCl, 5 mM DTT, 1 mM EDTA, 0.05% P20, pH =
8.0) and then desalted by PD-10 desalting columns (Cytiva,
#17085101). The desalting sample was concentrated to 2 mg/
mL in storage buffer (10 mM HEPES, 50 mM NaCl, 10% (v/
v) glycerol, 2 mM DTT, pH 8.0) and was stored at −80 °C
until the time of use.
Surface Plasmon Resonance-Binding Study. Binding

affinity measurements were conducted on a Reichert2SPR
instrument (Ametek) at room temperature. 10 mg of PRMT5
N-terminal TIM barrel protein was directly immobilized onto
the 500,000 Da carboxymethyl dextran sensor chip at pH 5.5
using the standard amine coupling approach. Small-molecule
ligands were injected at a flow rate of 30 mL/min at different
concentrations in the running buffer (10 mM HEPES at pH
7.4, 150 mM NaCl, 3 mM EDTA, 0.005% v/v Tween-20, and
5% DMSO). The association and dissociation time were 2 and
5 min, respectively. Sensorgram data were processed using

Excel, and dissociation constant (KD) was calculated by
GraphPad Prism9.
Compounds. All compounds were purchased from

Enamine, and their purity, as tested in the biological assay,
was confirmed to be >95%.
Cell Culture. L1 and R24−03 patient-derived cells were

maintained in Neurocult NS-A Basal Medium plus 10%
Human NeuroCult NS-A Proliferation Supplements (StemCell
Technologies, #05751). Recombinant human epidermal
growth factor (R&D Systems, #236-EG), recombinant
human basic fibroblast growth factor (R&D Systems, #233-
FB/CF), heparin (Sigma-Aldrich, #H3149), and antibiotic
antimycotic solution 100′ (Corning, #30-004-Cl) are supple-
mented in the medium.37 The cell suspension was taken from
the flask and spun down at 500 g for 5 min. Then, 1 mL of
trypsin was added and the mixture incubated for 5−10 min at
37 °C. Neutralized by 3 mL of complete media, the mixture
was spun down again. The cell number was resuspended and
counted.
Antibodies. All primary antibodies were used in PBST

buffer with 5% BSA: anti-SDMA (1:1000, Cell Signaling
#13222S), anti-GAPDH (1:1000, Santa Cruz Biotechnology
#sc-47724), anti-PRMT5 (1:1000, Cell Signaling #79998),
anti-pICln (1:1000, Santa Cruz Biotechnology #sc-393,525),
antirabbit IgG, HRP-linked Antibody (Cell Signaling #7074),
and antimouse IgG, HRP-linked antibody (Cell Signaling
#7076).
In Vitro Cell Viability. Cells were seeded into nontreated

96-well plates at a density of 3000 cells/well. Test compounds
were then added into the cells at different concentrations and
incubated for 96 h. 10 mL of the CCK8 cell counting reagent
(MedChemExpress #HY-K0301) was added to each well and
then incubated at 37 °C for another 4 h. The absorbance was
determined at 562 nm by using a microplate reader.
Immunoblot and Immunoprecipitation. Cells were

rinsed with ice-cold phosphate-buffered saline and lysed with
IP lysis buffer (Pierce no. 87787) supplemented with protease
and phosphatase inhibitor cocktail (Pierce #78441). The cell
lysates were centrifuged at 13,000 rpm for 30 min at 4 °C. The
protein concentrations were measured using a BCA protein
assay kit (Pierce #23227). Equal amounts of whole cell lysates
were resolved by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) (Bio-Rad #4561086), transferred to a PVDF
membrane (Bio-Rad #1620174), and then immunoblotted
with the indicated antibodies. For immunoprecipitation, the
lysates (100 μg) were incubated with 30 mL of protein A/G
PLUS-agarose (SCBT #sc-2003) and corresponding primary
antibodies at 4 °C overnight. The immunoprecipitation was
then washed five times with IP lysis buffer before being
resolved by SDS-PAGE. The membranes were analyzed by
using ECL Western blotting detection reagents (Pierce no.
34096) and imaged with ChemiDoc MP imaging system (Bio-
Rad).
Molecular Docking. The target (PDB: 7SER) was

prepared using Schrödinger Protein Preparation Protocol at
pH 7.4 ± 2.0, and water molecules with less than two hydrogen
bonds to ligand atoms were deleted. Ligands were processed
with Schrodinger Ligprep to generate three-dimensional
structures from the SMILES strings, along with all possible
protonation states and stereoisomers, resulting in 22,191
“variants”. The grid box was centered on pICln (residues 205−
234) with 14.0 Å in all directions. All dockings were carried
out with AutoDock Vina 1.2 using exhaustiveness 32. Only the
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best docking score for each molecule was considered in the
analysis and ML model training.
Machine Learning Model. The SMILES strings and

docking scores of the sample library were used to fine-tune the
CHEM-BERT model.35 The training set is split into three sets
with proportions of 80:10:10 for training, validation, and
testing. The model was trained for 14 epochs using only the
training and validation sets, and the model obtained from
epoch 4, with the lowest validation loss, was selected. The
scores predicted on the holdout test set showed a correlation
of r2 = 0.77 with the actual Vina scores (ground truth), and
this final model was used to predict Vina Scores for the entire
library.
Molecular Dynamics Simulation. The initial structure of

Z319334062 bound to PRMT5 N-terminus (1−292) was
obtained from the virtual screening step. The system was
placed in a truncated octahedral box with sides at least 20 Å
from any solute atoms. The system was solvated with OPC
waters,38 charges were neutralized with Na+ and Cl− ions, and
extra ions were added to reach a salt concentration of 0.15 M.
The Amber ff19SB force field39 was used for the protein atoms,
and the Z319334062 ligand was represented with GAFF40

force field. The system was then submitted to 100 steps of
minimization where only the waters were allowed to move,
followed by 10,000 minimization steps where all atoms were
allowed to move. The system was heated at a constant volume
for 0.6 ns to 310 K, followed by 0.4 ns relaxation at the final
temperature. This was followed by a 2 ns relaxation at the final
temperature and constant 1 atm pressure and a final 200 ns
simulation with the same conditions.
Statistical Analysis. All experiments were performed in

triplicate. As indicated in the figure legends, all quantitative
data are presented as the mean ± SD or mean ± SEM of three
biologically independent experiments or samples. Statistical
significance was determined by a two-tailed Student’s t-test or
ANOVA test of variance. P < 0.05 was considered statistically
significant.
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