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Discovery, evaluation and mechanism study of WDR5-
targeted small molecular inhibitors for neuroblastoma
Qi-lei Han1, Xiang-lei Zhang2, Peng-xuan Ren2,3, Liang-he Mei4, Wei-hong Lin1, Lin Wang2,3, Yu Cao2,3, Kai Li1 and Fang Bai2,3,5,6

Neuroblastoma is the most common and deadliest tumor in infancy. WDR5 (WD Repeat Domain 5), a critical factor supporting an
N-myc transcriptional complex via its WBM site and interacting with chromosome via its WIN site, promotes the progression of
neuroblastoma, thus making it a potential anti-neuroblastoma drug target. So far, a few WIN site inhibitors have been reported, and
the WBM site disruptors are rare to see. In this study we conducted virtual screening to identify candidate hit compounds targeting
the WBM site of WDR5. As a result, 60 compounds were selected as candidate WBM site inhibitors. Cell proliferation assay
demonstrated 6 structurally distinct WBM site inhibitors, numbering as compounds 4, 7, 11, 13, 19 and 22, which potently
suppressed 3 neuroblastoma cell lines (MYCN-amplified IMR32 and LAN5 cell lines, and MYCN-unamplified SK-N-AS cell line).
Among them, compound 19 suppressed the proliferation of IMR32 and LAN5 cells with EC50 values of 12.34 and 14.89 μM,
respectively, and exerted a moderate inhibition on SK-N-AS cells, without affecting HEK293T cells at 20 μM. Analysis of high-
resolution crystal complex structure of compound 19 against WDR5 revealed that it competitively occupied the hydrophobic
pocket where V264 was located, which might disrupt the interaction of MYC with WDR5 and further MYC-medicated gene
transcription. By performing RNA-seq analysis we demonstrated the differences in molecular action mechanisms of the compound
19 and a WIN site inhibitor OICR-9429. Most interestingly, we established the particularly high synergy rate by combining WBM site
inhibitor 19 and the WIN site inhibitor OICR-9429, providing a novel therapeutic avenue for neuroblastoma.
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INTRODUCTION
Neuroblastoma is a type of highly malignant tumor often occurs in
children under 5 years old. It originates from neural crest progenitor
cells [1]. The estimated incidence is 10.7 cases per million children
aged 0–14 years, accounting for approximately 10% of pediatric
malignancies [2]. With a remarkable tumor heterogeneity, the
prognosis, depending to a great extent on the stage at diagnosis,
varies from spontaneous regression to poor outcomes, such as
distant metastasis and death [3]. Despite using multimodality
treatment regimens, the 5-year overall survival rate for patients with
high-risk neuroblastoma is still less than 50% [4], remains a
challenging clinical problem. Propelled by the desperate need for
novel therapies, numerous efforts have been devoted to the
development of molecular targeted drugs, which promise more
effective and precise treatment. However, so far, there is no small
molecular drugs approved for targeted therapy of neuroblastoma.
WD repeat-containing protein 5 (WDR5) is an extraordinarily

highly-conserved protein that regulates diverse cellular processes
[5] and is proved to be a critical factor in neuroblastoma
tumorigenesis [6, 7] (Fig. 1). Firstly, WDR5 is a co-factor for N-myc
[8, 9]. N-myc is encoded by proto-oncogene MYCN, regulating cell

proliferation, metabolism, apoptosis, and differentiation [10].
Amplification of MYCN, leading to overexpression of N-myc, is an
oncogenic driver of neuroblastoma and strongly related with poor
prognosis [11]. As a transcription factor, the function of N-myc is
based on its binding to regulatory regions of target genes. The
process partially relies on its interaction with WDR5 [8, 9]. Thus,
WDR5 is a crucial determinant for the recruitment of N-myc to
chromatin. Secondly, WDR5 is a core subunit of the histone
methyltransferase complex, RbBP5-WDR5-MLL, catalyzes histone H3
lysine 4 (H3K4) methylation [12]. Since trimethylation of H3K4 is a
prerequisite for the transcriptional activation [13], WDR5 also serves
as an epigenetic regulator in neuroblastoma. Moreover, WDR5 is
demonstrated to be a “reader” for H3Q5ser [14]. H3Q5ser activates
transcription of cancer-promoting genes in neuroblastoma cells and
is in synergy with H3K4me3 during neuronal cell differentiation. All
the above shows that WDR5 is likely to be a therapeutic target for
neuroblastoma.
There are two well-defined pockets that are amenable to small

molecular inhibition, the “WDR5-interacting” (WIN) site that mediates
the chromatin/MLL1-WDR5 interaction [15] and the “WDR5-binding
motif” (WBM) site by which the N-myc/RbBP5-WDR5 connection is
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mediated [16]. In the past decade, most efforts have been made to
discover WIN site inhibitors [17–24], while few studies have centered
on the blockade of the WBM site. However, despite the enormous
progression made in the development of WIN site inhibitors, the
drug is only practical for MLL [25, 26], whereas solid tumors are not
sensitive to that.
This study clarifies whether the WBM site is a viable target for

treating neuroblastoma by discovering of new WBM site inhibitors
through computational methods and experimental technologies.
Further experimental studies demonstrated that the WBM site
inhibitor could elevate the expression of p53 and down-regulate
the level of H3K4me3. Compared with a WIN site molecular binder,
the WBM site binder presents more obvious inhibitory activity in
treating with neuroblastoma. More interestingly, the present
study is the first attempt to investigate the anti-neuroblastoma
effects of a combination of a WBM site molecular binder and a
WIN site binder. Significantly synergistic tumor-suppressing effects
and modulating mechanisms with co-targeting WBM and WIN
sites are demonstrated, providing a potential therapeutic avenue
for treating neuroblastoma.

MATERIALS AND METHODS
Virtual screening
The compounds from three commercial databases, Specs (https://
www.specs.net/), TargetMol (https://www.targetmol.com/) and
MCE (https://www.medchemexpress.cn/), were prepared using
LigPrep [27] tool by Schrödinger. The three-dimensional molecular
structures were generated for establishment of a compound
library. The compound adopted as template in the ligand-based
screening was a known WBM site inhibitor, named as 1-
Cyclopentyl-2-(methylsulfonyl)-4-nitro-1H-imidazole (PDB: 6UOZ)
[28]. The structure of the template compound and its binding
mode to WDR5 were shown in Supplementary Fig. S1. The three-
dimensional structure of WDR5 used in the receptor-based
screening was obtained from the Protein Data Bank (PDB) code
6U5Y [29]. To search for compounds similar to the template, the
3D similarity method SHAFTS [30] was applied. The top 1000
matched structures were then docked into the crystal structure of
WDR5 in the Glide (Grid-based ligand docking with energetics)
[31]. For the receptor-based screening, the prepared library was
imported to the Glide to conduct high-throughput virtual screen-
ing. The top 10% compounds were then screened and re-ranked
using Standard Precision (SP) docking to get more accurate
prediction. All compounds selected by virtual screening as above
then underwent manual screening.

Cell culture
Human HEK293T and IMR32 cells were obtained from Cell Bank,
Chinese Academy of Sciences (Shanghai, China). Human LAN5 cell
line was purchased from Deutsche Sammlung von Mikroorganismen

und Zellkulturen (DSMZ, Braunschweig, Germany). Human SK-N-AS
cell line was purchased from American Tissue Culture Collection
(ATCC, Manassas, VA, USA). HEK293T, IMR32 and SK-N-AS cells were
cultured in DMEM (Gibco, Grand Island, NY, USA). LAN5 cells were
cultured in IMDM (Gibco). The base medium was supplemented with
10% (v/v) FBS (Gibco), 100 U/mL penicillin and 100 μg/mL strepto-
mycin (Gibco). Cells were maintained at 37 °C in a 5% CO2 incubator.

Cell proliferation assay
Cell proliferation was measured using the Cell Counting Kit-8
(CCK-8; Dojindo, Kumamoto, Japan) according to the manufac-
turer’s protocol. Cells were seeded into 96-well plates at a density
of 5 × 103 (HEK293T), 1.2 × 104 (SK-N-AS) or 2 × 104 (IMR32 and
LAN5) cells per well. After 24 h incubation, medium was replaced
with fresh medium (0.1% DMSO) or the compounds of various
concentrations (0.625, 1.25, 2.5, 5, 10, and 20 μM) with final DMSO
concentration of 0.1%. Cell viability was assessed after a 72 h
incubation. CCK-8 reagent (10 μL) was added to each well,
followed by incubation at 37 °C for 2 h. A microplate reader
(PerkinElmer, Waltham, MA, USA) was used to measure the
absorbance values at 450 nm. GraphPad Prism software was used
to generate EC50 values. Error bars on proliferation curves
represent standard errors of the mean.

Protein expression, purification, and crystallization
The pET28a expression vectors encoding WDR5 (residues 22–334)
with N-terminal 6× His tag was transformed into Rosetta™
2(DE3) Competent Cells (TransGen Biotech, Beijing, China). Cells
were grown in LB medium at 37 °C until OD600= 1.0 and protein
was expressed at 16 °C for 20 h after 0.2mM isopropyl-β-D-
thiogalactoside (IPTG) was added. After collecting by centrifugation,
cells were suspended with lysis buffer (50mM NaH2PO4, pH 7.5, 1 M
NaCl, 10mM imidazole, 0.5 mM TCEP, 1 × EDTA-free protease
inhibitor cocktails (AbMole, Houston, TX, USA)). After high pressure
crushing, the lysate was cleared by centrifugation at 4 °C, and the
supernatant was collected and incubated with Ni2+-NTA beads
(Smart-Lifesciences, Changzhou, China) for 30min. The mixture was
loaded into column and washed with lysis buffer, and eluted with
buffer containing 300mM imidazole. Fractions were further purified
using size exclusion chromatography (Superdex 200 Increase 10/
300, GE, Fairfield, CO, USA) with buffer of 25mM HEPES, pH 7.0,
250mM NaCl, 0.5 mM TCEP. Protein was concentrated to 10mg/mL
for crystallization.
Crystallization of apo WDR5 was performed at 18 °C using the

hanging drop vapor-diffusion method, by mixing equal volumes
(1.5:1.5 μL) of the protein and crystallization solution (30% (w/v)
pEG3350, 0.1 M Bis-Tris, pH 5.8, 0.2 M ammonium acetate). Crystals
were formed within 3 days and then soaked into crystallization
buffer with 5 mM compounds for 6 h. Using crystallization buffer
containing 20% glycerol as cryoprotectant, the crystals were flash-
frozen into liquid nitrogen.

Structure determination and refinement
X-ray diffraction data were collected at beamline BL18U1 at the
Shanghai Synchrotron Radiation Facility (SSRF). Data were
processed with HKL3000 [32]. The structure was solved by
molecular replacement using Phaser module of CCP4 [33]
program suit with a search model of 6UJL [28]. The structure
was built using COOT [34] and refined with TLS and simulated-
annealing protocol using PHENIX [35].

Surface plasmon resonance (SPR) analysis
Prior to determining the binding affinity of each compound,
recombinant WDR5 protein was diluted to 20 μg/mL in sodium
acetate at pH 4.5 and immobilized on series S sensor CM5 chip
(Cytiva, Marlborough, MA, USA) using standard amine coupling to
a level of 10,000 response units (RU). Compound stock solutions
(10 mM) were diluted with 1× HBS-EP buffer (10 mM HEPES, pH

Fig. 1 Schematic illustration of WDR5 function in neuroblastoma
tumorigenesis. WDR5 serves as a core subunit of the histone
methyltransferase (HMT) complex, a co-factor for N-myc and a
reader of histone H3Q5 serotonylation (H3Q5ser), thus activating
transcription of cancer-promoting genes in neuroblastoma cells.
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7.4, 150mM NaCl, 3.0 mM EDTA, and 0.05% (v/v) Tween-20) in a
nine-concentration series ranging from 0.195 μM to 100 μM with
final DMSO concentration of 5%. Three startup cycles with running
buffer were performed first, and analyte was injected and run
through the chip with association time of 100 s and disassociation
time of 100 s and washed with 50% DMSO in each cycle. Solvent
correction with different DMSO concentration varying from 4.5%
to 5.8% was performed every 48th cycle. Raw data were reduced,
double-referenced, and solvent-corrected using Biacore 8 K
Evaluation Software and KD values of each compound were
calculated using steady-state affinity model with a constant Rmax.

RNA sequencing (RNA-seq)
LAN5 cells were seeded into 6-well plates at a density of 1.2 × 106

cells per well. After a treatment of 20 μM compound 19, 20 μM
OICR-9429 or 0.1% DMSO only for 72 h, cells were washed in PBS
then lysed in 500 μL Trizol. RNA isolation, library preparation and
RNA-seq was performed by Majorbio (Shanghai, China) using
NovaSeq 6000 platform. Prior to sequencing, RNA integrity was
assessed by 2100 Bioanalyzer and agarose gel electrophoresis. The
concentration was determined by NanoDrop.

Cell cycle analysis
Cell cycle was monitored using BD Cycletest™ Plus DNA Reagent
Kit (BD Biosciences, Franklin Lakes, NJ, USA) in accordance with
the manufacturer’s protocol and flow cytometry. LAN5 cells were
seeded into 6-well plates at a density of 1.2 × 106 cells per well.
Cells were trypsinized and harvested after treated with 10 μM and
20 μM compound 19 for 72 h. Followed by washing with PBS,
solution A, B, C of the kit was added to stain the cells with PI. The
PI signal was measured by flow cytometry. The results were
analyzed by FlowJo software.

Apoptosis assay
Cell apoptosis was quantified using FITC Annexin V Apoptosis
Detection Kit (BD Biosciences) following the manufacturer’s
protocol and flow cytometry. Cells were collected after a 72-h
treatment of 10 μM and 20 μM compound 19 and washed twice
with cold PBS. Subsequently, cells were resuspended in 1× Binding
Buffer and mixed with FITC Annexin V and PI. Cells were subjected
to a flow cytometer (Beckman Coulter, Brea, CA, USA) after an
incubation for 15min in the dark. The results were analyzed by
ModFit software.

Western blot
LAN5 cells were seeded into 6-well plate at a density of 1.2 × 106

cells per well. The adherent cells were treated with compound 19
or OICR-9429. After 24 h, cells were lysed in RIPA buffer (Thermo
Scientific, Waltham, MA, USA) containing protease and phospha-
tase inhibitors. Total protein fractions were boiled in loading
buffer for 5 min and then equal quantities (20 μg) were separated
by 4%–12% NuPage Bis-Tris gels (Invitrogen, Frederick, MD, USA).
The proteins were transferred to PVDF membranes (Millipore,
Boston, MA, USA) for 30 min in transfer buffer (Tanon, Shanghai,
China). The membranes were blocked in blocking buffer (Takara
Biotechnology, Dalian, China) for 1 h at the room temperature,
incubated with primary antibodies against p53 (1:1000; #HA201-
01, TransGen Biotech), H3K4me3 (1:1000; #9751, Cell Signaling
Technology, Danvers, MA, USA) and GAPDH (1:1000; #5174, Cell
Signaling Technology) overnight at 4 °C. The anti-rabbit IgG
(1:10,000; W4011, Promega, Madison, WI, USA), conjugated with
HRP were used as secondary antibodies. Proteins were visualized
with Enhanced Chemiluminescence Kit (EpiZyme, Shanghai,
China) and detected by Amersham Imager 680 (GE).

Drug combination testing
IMR32 and LAN5 cells were plated in 96-well plates, followed by
treatment of drug combination for 72 h. A total of seven

concentration gradients (0, 0.625, 1.25, 2.5, 5, 10, and 20 μM)
were set for compound 19 and three (0, 10, and 20 μM) for OICR-
9429. Cell viability was monitored by CCK-8 assay, of which
protocol was described above. The result was analyzed and
visualized by the Bliss independent model using SynergyFinder
2.0 (https://synergyfinder.fimm.fi/) [36].

Statistical analysis
Statistical analysis of RNA-seq was performed by Majorbio. RNA-
Seq reads were aligned to the human reference genome hg19
using STAR (Version 2.7.1a) [37] and quantified by RSEM (Version
1.3.3) [38]. Differential analysis was performed by DESeq2 (Version
1.24.0) [39]. The significantly changed genes were assessed with
an adjusted P-value < 0.05. Other statistical analysis was con-
ducted by GraphPad Prism (version 8.01). The results were
presented as mean ± standard deviation (SD). T-test was applied
to compare outcomes between two groups. P value < 0.05 was
considered statistically significant.

RESULTS
Discovery of WBM site inhibitors
According to our limited knowledge, WBM site inhibitors are rare
to see. In this study, a virtual screening [40] was performed to
identify candidate hit compounds by targeting the WBM site of
WDR5. To enhance the success of drug discovery, both of ligand-
based and target-based techniques were used to search through
three commercial databases, Specs (https://www.specs.net/),
TargetMol (https://www.targetmol.com/) and MCE (https://
www.medchemexpress.cn/). Ligand-based virtual screening
relies on computing the similarities of the chemical scaffolds’
structural information and physicochemical properties between
a known active molecule and candidates. A known WBM site
inhibitor, named as 1-Cyclopentyl-2-(methylsulfonyl)-4-nitro-1H-
imidazole (its dissociation rate with WDR5: KD= 0.10 ± 0.01 mM)
[28] was adopted as our template compound. Ligand-based
methods often lack of full consideration of protein structure
information. For the compensation, a receptor-based screening
was also used in this study. Molecular docking is the most used
receptor-based screening method [41], and it predicts the
binding model of a compound against the binding site of a
target, helping to estimate the binding affinity between them.
The WBM site was determined by referring to the binding
interface of WDR5-MYC complex structure (PDB: 6U5Y) [29].
Those compounds that show potential in competitively occupy-
ing the WBM site of WDR5 were selected. The detailed process of
the screening is shown in Fig. 2a. As a result, sixty compounds
(Supplementary Table S1) were selected as candidate WBM site
inhibitors for further experimental validations.
Cell growth inhibitory activities of these sixty compounds against

neuroblastoma were tested by CCK-8 assay with the same
concentration of 20 μM for 72 h. The cell proliferation assay used
one MYCN-unamplified neuroblastoma cell line (SK-N-AS) and two
MYCN-amplified cell lines (LAN5 and IMR32). In addition, the
selectivity for each compound was determined by comparing the
cytotoxicity for cancer-cell lines to a non-cancerous cell line HEK293T.
There were six compounds, compound 4, 7, 11, 13, 19, and 22,
possessed anti-tumor activities against MYCN-amplified neuroblas-
toma cells (Supplementary Table S2). Finally, four druggable
compounds, compound 11, 13, 19, and 22 were further studied
in the following part, of which the chemical structures were shown
in Fig. 2b and the estimated ADMET properties were shown in
Supplementary Table S3.

WBM site inhibitors suppress cell proliferation of neuroblastoma
in vitro
To further investigate the anti-tumor activities of our hit compounds,
we tested the antiproliferation effects of the above four active
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compounds at six concentrations (0.625, 1.25, 2.5, 5, 10, and 20 μM)
for 72 h on HEK293T, SK-N-AS, LAN5, and IMR32 cell lines. The CCK-8
assay showed those compounds inhibited the proliferation of
neuroblastoma cells in a dose-dependent manner. Specifically,
MYCN-amplified cells, as IMR32 and LAN5 cell lines, were more
sensitive to the treatment of these compounds. Compound 11 could
effectively inhibit the proliferation of IMR32 and LAN5 cells with EC50
values of 8.59 μM and 7.01 μM, respectively (Fig. 3, Supplementary
Table S4). While the antiproliferation activities of compound 11 to
HEK293T and MYCN-unamplified cell line as SK-N-AS were at same
level with EC50 values of 12.10 μM and 4.40 μM, respectively. Same as
compound 11, compounds 13 and 22 non-selectively inhibited the
proliferation of all cell lines (Fig. 3b–d). Compound 19 had no
cytotoxicity to HEK293T cells even at a concentration of 20 μM and a
moderate antiproliferation effect on SK-N-AS cells (Fig. 3c), while the
EC50 values against IMR32 and LAN5 cell lines were 12.34 μM and
14.89 μM, respectively (Supplementary Table S4).

Assessment of compound-WDR5 binding capability
In order to further explore the antiproliferation mechanism of
the compounds, we measured the binding affinities of the four
active WBM site inhibitors by SPR. All four compounds could
bind to WDR5 with KD values of 27.6 μM, 16.8 μM, 36.8 μM, and
18.2 μM, respectively (Fig. 3). Although the binding of com-
pound 19 to WDR5 was not the strongest among these four, it
possessed the most obviously specific cytotoxic activity against
neuroblastoma cells, thus compound 19 was chosen for further
study to avoid bias caused by off-target effects. Besides, we
tested the inhibitory effect of a WIN site binder, OICR-9429
(KD= 93 ± 28 nM) [21], on the same four cell lines to compare
the anti-neuroblastoma activities between the WBM and WIN
site inhibitor (Supplementary Fig. S2). Surprisingly, such a
stronger molecular binder of WDR5 only present a weak ability
in inhibiting proliferation over the LAN5 cell line, having no
effects on the other cell lines.

Fig. 2 The discovery of WBM site inhibitors. a Flowchart of the screening process. b Chemical structures of the four active compounds.

Fig. 3 The validation of the four active compounds at cellular and molecular level. Dose-response curves of cell viability in HEK293T, SK-N-
AS, IMR32, and LAN5 cell lines after 72-h treatment and SPR sensorgrams of the compounds 11 (a), 13 (b), 19 (c) and 22 (d) tested by CCK-8
assay and Biacore 8 K, respectively.
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Crystal structure of WDR5 in complex with compound 19
To gain insight of the binding mode of compound 19 with WDR5,
we solved the crystal structure of WDR5 complexed with
compound 19 at a quite high resolution of 1.41 Å (PDB: 7WVK,
Supplementary Table S5). Like reported co-crystal structures of
MYC-MbIIIb, KANSL2, RbBP5 peptides with WDR5, compound 19
was embedded into the hydrophobic groove at the WBM site
(Fig. 4a). The 1,4-dichlorobenzene group sticked into a hydro-
phobic pocket and stabilized by van der Waals interactions
formed with the side chains of F266, V268, K272 and I274. The
sulfone group engaged in polar interactions as hydrogen bonds
with N225 (Fig. 4b), further strengthening the binding affinity
between the compound and WDR5. Previous studies [8, 9]
indicated that the binding conformations of MYC-MbIIIb, KANSL2,
RbBP5 peptides with WDR5 were virtually identical. The invariant
core motif of MYC-MbIIIb called as “IDVV motif” was highly similar
to the corresponding regions of KANSL2 and RbBP5 (Fig. 4c). And
residue V264 was the vital component for the binding of MYC with
WDR5. Analyzing the superimposed structures of compound 19
and MYC-MbIIIb with WDR5 at WBM site showed compound 19
competitively occupied the hydrophobic pocket where V264 was
located, which may disrupt the interaction of MYC with WDR5 and
further MYC-medicated gene transcription (Fig. 4d).

Compound 19 increases the expression of ribosome genes
To investigate the underlying mechanism, RNA-seq was con-
ducted to identify transcriptional profiles of the control and
treatment groups. In order to compare the molecular mechanism
of action between the WBM site and WIN site inhibitor,
transcriptional profiles of cells treated with OICR-9429 were also
analyzed. The overlap of genes affected by the WBM site or the

WIN site inhibitor accounted for less than 30% of all differentially
expressed genes in the compound 19 group (Fig. 5a).
KEGG [42] enrichment analysis was performed to explore the

targeted pathway of the WBM and WIN site inhibitor. The top ten
KEGG pathways up- or down-regulated by the compounds were
shown in Fig. 5b. Compound 19 affected a series of biological
activities which were closely related to survival of tumor cells such
as ribosome pathway, oxidative phosphorylation, p53 signaling
pathway, cell cycle, RNA processing DNA replication and repair.
Furthermore, we can see that the enriched pathways in
compound 19 and OICR-9429 groups were relatively different,
despite there is some overlap, i.e., both show the abilities of
inducing the ribosome pathway, but suppressing cell cycle, RNA
transport and DNA replication, etc. It indicates that the compound
19 and OICR-9429 may have complementary biological activities.
Ribosome topped the list of enriched KEGG pathways in both

compound 19 and OICR-9429 groups. However, we found that
forty-three ribosome genes were significantly induced in the
compound 19 group, while 60% (48/80) of the differential
ribosome genes were down-regulated and 40% (32/80) up-
regulated in the OICR-9429 group. Furthermore, the heatmap
(Fig. 5c) showed that almost of those 80 genes were increased in
the compound 19 treatment group, presenting an obvious
difference with OICR-9429 treated group, which further demon-
strates the different molecular action mechanisms of them.

Compound 19 inhibits the cell cycle progression and DNA
replication
According to KEGG enrichment analysis, cell cycle was significantly
inhibited by compound 19. In addition, DNA replication, which is
highly correlated with cell cycle, was also disrupted (Fig. 5b). To

Fig. 4 X-ray crystal structure of WDR5 in complexed with compound 19. a A surface representation of compound 19 and MYC-MbIIIb,
KANSL2, RbBP5 peptides interactions with WDR5 at WBM site. b Detailed interactions of compound 19 with pivotal residues of WDR5 is shown
as sticks and hydrogen bonds are shown as black dash lines. c Superimposition of the conserved MbIIIb, KANSL2 and RbBP5 in complex with
WDR5, and the sequence alignment of the peptides. d Superimposed binding modes of compound 19 and MYC-MbIIIb with WDR5 at
WBM site.
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clarify the influence of the WBM site inhibitor on cell cycle, LAN5
cells were treated with 10 μM and 20 μM compound 19 for 72 h,
and then flow cytometry was performed to monitor the influence
on the cell cycle. Although 10 μM compound 19 had little impact,
it is interested to be seen that the proportions of cells in the G0/G1

phase significantly increased at the 20 μM group, indicating that
this compound could induce a G0/G1 phase arrest (Fig. 6a).

Compound 19 elevates the expression of p53 and induces cell
apoptosis
The KEGG enrichment analysis also revealed that compound 19
activated the p53 signaling pathway. As we know, the activation
of p53 leads to cell apoptosis [43], so we measured the apoptosis
rate of cells treated with the compound for 72 h by Annexin V/PI
double staining. The apoptotic cells respectively increased from
12.18% to 26.78% and 42.13% in the 10 μM and 20 μM groups
(Fig. 6b). To further verify the activation of the p53 signaling
pathway, we applied WB to detect the expression of p53 in LAN5
cells treated with 10, 20 and 40 μM compound 19 for 24 h. The
protein level of p53 was evidently elevated even in the 10 μM
group (Fig. 6c), demonstrating that compound 19 was able to
stimulate the expression of p53. On the contrary, OICR-9429 was
found to had little impact on p53 expression in LAN5 cells even
though the concentration was up to 40 μM.

Compound 19 reduces the level of H3K4me3 in neuroblastoma
cells
Since WDR5 is an essential component of the RbBP5-WDR5-SET1/
MLL methyltransferase complex [12], the blockade of the WBM or
WIN site is supposed to hinder the methylation of H3K4. We
detected the levels of H3K4me3 in LAN5 cells separately treated
with DMSO, compound 19, and OICR-9429 for 24 h. Surprisingly,
compound 19 presented a markedly stronger inhibition on
H3K4me3 over OICR-9429 (Fig. 6d). We can see that 20 μM of
compound 19 was enough to cause an obvious reduction of
H3K4me3 while 40 μM of OICR-9429 had little effect.

Compound 19 and OICR-9429 synergistically inhibit
neuroblastoma
Theoretically, the WBM and WIN site inhibitors bind to different
binding interfaces of WDR5. We thus wondered if the combination
of them would boost the anti-tumor activity. The concentration
gradient for compound 19 was 0 to 20 μM (0, 0.625, 1.25, 2.5, 5, 10,
and 20 μM), and we set the concentration of OICR-9429 at 0, 10
and 20 μM. After applying combinations of the two compounds
for 72 h, we assessed the cell viability using CCK-8 reagent. A
dose–response matrix was obtained (Fig. 7) and analyzed by the
Bliss independence model [44]. The Bliss synergy scores were
visualized in the form of 2D plot. A positive Bliss score represents a

Fig. 5 Transcriptional profiles of LAN5 cells treated with the WBM and WIN site inhibitors. LAN5 cells were treated with DMSO, compound
19 and OICR-9429 for 24 h. a Venn diagram, showing the overlap of differential genes after compound 19 or OICR-9429 treatment. b The top
10 KEGG enrichment pathways for genes induced and suppressed by compound 19 or OICR-9429. c Heatmap displaying ribosome genes
affected by OICR-9429 and compound 19 and their log2-fold change in two groups.
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synergistic effect between two drugs. The overall synergy scores
were 9.677 for LAN5 cells and 11.281 for IMR32 cells, meaning that
compound 19 and OICR-9429 exhibited a synergistic effect in
most combination groups (Fig. 7).

DISCUSSION
Among sixty potential WBM site inhibitors discovered by ligand-
and receptor-based virtual screening, four compounds, compound
11, 13, 19 and 22, were confirmed to be able to suppress
proliferation of MYCN-amplified neuroblastoma cells and bind to
WDR5. Binding affinities of the four active compounds were
identified by SPR, ranging from 16.8 μM to 36.8 μM (Fig. 3). The
WBM site is a typical protein-protein interaction (PPI) binding site
which is shallow and challengeable to design a strong molecular
binder [45]. Such hits have already presented potential for further
development.
Based on the results from CCK-8 assay, we found that MYCN-

amplified cells were extremely more susceptible to our discovered
WDR5 binders than MYCN-unamplified cells (Fig. 3a). We thus
speculated that interfering with the interaction between WDR5
and N-myc was involved in the anti-tumor mechanism of WBM site
inhibitors. This is consistent with the previous finding that
mutations disrupting WDR5 binding can perturb MYC-driven cancer
[8]. Additionally, we observed an apparent off-target effect of
compounds 11, 13, and 22 on 293 T cells, implying the existence of
uncertain mechanisms. Thus, we chose compound 19 for further
studies of mechanism of action in case of confounding factors.

The binding mode of compound 19 to WDR5 was determined by
X-ray diffraction, providing the structural basis for understanding
themechanism of molecular action for this compound. Superposing
the complex structures of compound 19 with the PPI complexes of
MYC-MbIIIb, KANSL2, and RbBP5 with WDR5 confirmed that the
compound 19 competitively occupied their binding region on
WDR5. Taking the PPI system of MYC-MbIIIb and WDR5 as an
example, a tight hydrophobic contact network formed between the
residue V264 of MYC-MbIIIb and F266 and V268 of WDR5 was
destroyed by a replacement of a new hydrophobic core formed
between the 1,4-dichlorobenzene group of compound 19 and
those two residues. This disruption of the binding of MYC or other
cofactors at the WBM site may lead to a modulation of downstream
gene transcription.
To investigate the mechanism of WBM site inhibitors, including

the downstream modulation mechanisms, RNA-seq was con-
ducted to compare the transcriptional profiles between the
compound 19 group and the control group. In KEGG pathway
enrichment analysis, forty-three up-regulated genes were
enriched in the ribosome pathway (Fig. 5b). In the previous
studies, it has been confirmed that WDR5 is highly correlated with
the expression of ribosomal proteins through binding to the
genes and activating the transcription [18, 46]. The treatment of a
high-affinity WIN site inhibitor caused a decline in a wide range of
ribosome genes in MV4:11 leukemic cells [18], however, in this
study large amounts of ribosome genes in LAN5 cells treated with
the WBM site inhibitor were up-regulated. It indicates that WBM
site and WIN site play a different roles in mediating the biological
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function of WDR5 via interacting with other binding proteins, etc.
Interfering protein-protein interactions of WDR5 from its different
sites, i.e., WBM site and WIN site, leads to a different regulation of
signaling pathway. When we block the WBM site and keep the
WIN site active, up-regulation of the expression of ribosomal
proteins via WIN site is enhanced. The elevation of ribosome gene
transcription might be a secondary consequence of WBM site
inhibition owing to the augmentation of WIN site function.
Additionally, the cells applied in previous studies were MV4:11
leukemic cells, while our study focused on neuroblastoma cells.
The contrary tendency may result from not only the functional
difference between WBM site and WIN site but also the distinction

between cell types. Since ribosomal proteins have diverse
biological functions, their impacts on tumor progression are
hence distinct. For example, RPL35 has been proved to accelerate
proliferation of neuroblastoma cells through enhancing aerobic
glycolysis [47], whereas RPL11 is a typical anti-tumor ribosomal
protein which leads to MDM2 inactivation and subsequent p53
activation [48]. Therefore, the up-regulation of extensive riboso-
mal proteins caused by compound 19may be a favorable factor of
tumor growths, but at the same time a contributing factor for anti-
tumor activities.
There were thirty-eight down-regulated genes enriched in the

cell cycle pathway and nineteen in the DNA replication pathway.

Fig. 7 Synergistic effect between the WBM and WIN site inhibitors. IMR32 and LAN5 cells were treated with combinations of compound 19
and OICR-9429. A dose–response matrix was obtained through CCK-8 assay and analyzed by the Bliss independence model. The result
demonstrated that compound 19 and OICR-9429 acted synergistically in treating neuroblastoma.
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The WBM site inhibitor, compound 19, hindered cell cycle
progression by repressing the cell cycle- and DNA replication-
related genes. The flow cytometry assay demonstrated that
compound 19 arrested LAN5 cells at the G1 phase (Fig. 6a). Since
a previous study showed that the H3K4 methylation was
required for DNA replication [49], the reduction of MLL-WDR5-
RbBP5 methyltransferase complexes resulting from compound
19 might be involved in the regulation of DNA replication and
cell cycle as well.
The KEGG pathway enrichment analysis also revealed that the

p53-mediated apoptosis played a role in the anti-tumor effect of
a WBM site inhibitor. The expression of p53 was then verified to
be elevated after compound 19 treatment through WB (Fig. 6c).
Furthermore, the flow cytometry analysis showed that the
apoptotic rate of the treated group was significantly higher
(Fig. 6b). As to the effect of WDR5 on the p53 signaling pathway,
a previous study has proved that WDR5 activates the
MDM2 gene transcription by inducing histone H3K4 trimethyla-
tion at its promoter region [7]. Given that MDM2 is a p53-specific
E3 ubiquitin ligase, the upregulation of MDM2 leads to the
increased degradation of p53 [50]. For that reason, an
impairment of WDR5 function caused by WBM site inhibitors is
supposed to alleviate the p53 inhibition by MDM2 and induce
apoptosis in the treated cells.
Our study also focused on whether the WBM site or WIN site was

a preferable therapeutic target for neuroblastoma. We compared
the effect of compound 19 to a verified WIN site inhibitor, OICR-
9429. Despite having a high binding affinity with WDR5, OICR-9429
did not show any stronger inhibitory activity against neuroblastoma
cells which was in line with the previous reported studies [8].
Through RNA-seq, we found that the effects of the WBM site and
WIN site inhibitor on cell cycle and DNA replication were similar,
indicating that both sites were essential in this respect. However,
the effects of the two inhibitors on ribosome genes and the
p53 signaling pathway were quite different. Compared to the
compound 19 treatment group, where nearly all differentially
expressed ribosome genes were up-regulated, more than half of the
genes were down-regulated in the OICR-9429 treatment group.
Although OICR-9429 inhibited the expression of 48 ribosome genes,
there were still thirty-three genes that were induced in LAN5 cells. It

indicates that LAN5 cells, compared to MV4:11 leukemic cells, can
resist the down-regulation of ribosome genes caused by the WIN
site inhibitor. Regarding the effect on the p53 signaling pathway,
both RNA-seq and WB showed that 20 μM OICR-9429 did not
significantly stimulate the expression of p53. These results indicated
that the WBM site inhibitor was more powerful in activating the
p53 signaling pathway than the WIN site inhibitor.
Intuitively speaking, WIN site was thought to be a more

essential site related with methyltransferase activity of WDR5 than
WBM site because of its direct interaction with chromosome.
However, in this study, it was observed that H3K4me3 was
decreased with the treatment of compound 19, but not for OICR-
9429, at the same concentration of 20 μM. It was inevitable that a
WIN site binder could break the WDR5-MLL1 interaction and the
RbBP5-WDR5-SET1/MLL complex assembly [21], but H3K4me3 in
neuroblastoma cells was slightly affected. Although OICR-9429 is a
potent WIN site inhibitor, it is applied solely to the treatment of
MLL fusion gene-driven acute leukemia so far. In view of the
crucial role of MLL in the development of MLL fusion gene-driven
acute leukemia, the dysfunction of MLL is unlikely to be remedied.
However, other malignant tumors may be able to compensate the
effect of WIN site inhibitors by unknown mechanism, which
explains why WIN site inhibitors have a poorer therapeutic effect
against solid tumors than against leukemia. On the contrary, the
disruption of the binding between WDR5 and RbBP5 by the
compound 19 showed catalysis suppression of H3K4me3. Given
that, the WBM site was proved to be an essential component of
the methyltransferase activity, and the decline of H3K4me3
caused by WBM site inhibition was less likely to be overcome by
compensatory effect than WIN site inhibition in neuroblastoma.
Now that compound 19 and OICR-9429 targeted WDR5 at two

different sites, we tested the therapeutic effects when two types
of inhibitors were simultaneously applied. The result revealed that
the combination of compound 19 and OICR-9429 had an obvious
synergistic effect in treating neuroblastoma. The reason might lie
in the thorough disturbance of WDR5 function, which deprived
neuroblastoma cells of the ability to resist the compounds.
However, when neuroblastoma cells were treated with either
the WBM or WIN site inhibitor, the function of the other site was
preserved and was likely to participate in the compensatory

Fig. 8 Model of anti-tumor mechanism of compound 19. Compound 19 binds to the WBM site of WDR5 and hinders the interaction of
WDR5 with its ligand, thus regulating the transcription of genes which are related to ribosomes, cell cycle, DNA replication and apoptosis.
Through combining with the WIN site inhibitor, OICR-9492, the anti-tumor effect of WDR5 inhibitors is boosted, providing a potential
therapeutic avenue for treating neuroblastoma.
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response. Thus, the combination therapy affected the compensa-
tory function of neuroblastoma cells and enhanced their
sensitivity to the two compounds.

CONCLUSION
In conclusion, this study has discovered a potent sulfonamide
compound (compound 19) that can effectively bind to the WBM
site of WDR5 and specifically kill neuroblastoma cells with high
copies of MYCN. It could elevate the expression of p53, down-
regulate the level of H3K4me3, inhibit the progression of cell cycle
and DNA replication, and induce apoptosis. In comparison with a
WIN site molecular binder, the WBM site binder presents more
obvious inhibitory activity in treating neuroblastoma. Additionally,
synergistic tumor-suppressing effects between the WBM and WIN
sites inhibitors are demonstrated, providing a potential therapeu-
tic avenue for treating neuroblastoma (Fig. 8).
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