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Abstract 5 

Neuroblastoma (NB) exhibits pronounced transcriptional heterogeneity, driven 6 

largely by super-enhancers (SEs), yet the downstream effectors of SEs remain 7 

incompletely characterized. Here, we systematically investigated the SE-dependent 8 

regulation, biological function, and therapeutic potential of ZMYND8 in NB by 9 

integrating H3K27ac ChIP-seq, Hi-C/Capture Hi-C, CRISPR/Cas9-mediated enhancer 10 

disruption, multi-omics profiling, and structure-based virtual screening. We found that 11 

ZMYND8 is regulated by a BRD4-dependent SE across multiple NB cell lines, with 12 

the enhancer element E1 serving as a core regulatory component essential for 13 

ZMYND8 transcription and NB cell proliferation. Genetic depletion of ZMYND8 14 

significantly impaired proliferation and colony formation, induced apoptosis, and 15 

suppressed tumor growth in xenograft models. Integrated RNA-seq, ATAC-seq, and 16 

CUT&Tag analyses revealed that ZMYND8 sustains the E2F and G2/M transcriptional 17 

programs, identifying CDK6 as a critical downstream effector. Structure-based virtual 18 

screening identified HMN-176 as a lead compound that reduced ZMYND8 protein and 19 

CDK6 expression, triggered apoptosis, and inhibited tumor growth in both human NB 20 

xenograft and murine NB models, without evident toxicity. Collectively, these findings 21 

define a BRD4/SE–ZMYND8–CDK6 regulatory axis in which SE-driven ZMYND8 22 

maintains NB growth through a CDK6-associated transcriptional program, and support 23 

ZMYND8 as a potential therapeutic vulnerability in high-risk NB. 24 

Keywords: neuroblastoma; super-enhancer; ZMYND8; CDK6; HMN-176 25 

 26 

1. Introduction 
27 

Neuroblastoma (NB) is among the most common extracranial solid tumors in 28 

children. It originates from neural crest–derived precursor cells of the sympathetic 29 
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nervous system and exhibits marked clinical and molecular heterogeneity1. Some low-1 

risk tumors can regress spontaneously or can be successfully treated with limited 2 

therapy, whereas high-risk NB is frequently associated with extensive metastasis, 3 

therapeutic resistance and poor survival1,2. Several recurrent genetic alterations are 4 

strongly associated with NB pathogenesis, including MYCN amplification, 5 

activating ALK mutations, and ATRX alterations. Among them, MYCN amplification 6 

is a major feature of high-risk NB. MYCN drives tumorigenesis by enhancing cellular 7 

proliferation and enforcing an undifferentiated, stem-like state2-4. However, genetic 8 

aberrations alone do not fully account for the biological complexity of NB; 9 

transcriptional regulatory networks and cell-state programs also play pivotal roles. A 10 

core regulatory circuitry (CRC) comprising transcription factors—including MYCN, 11 

PHOX2B, HAND2, GATA3, ISL1, and TBX2—orchestrates the maintenance of NB 12 

lineage identity and malignant properties5,6. Furthermore, MYCN (and its paralog 13 

MYC) sustains oncogenic transcription through aberrant enhancer occupancy, enhancer 14 

amplification, and enhancer hijacking7,8. Although multimodal therapeutic strategies—15 

including chemotherapy, hematopoietic stem cell transplantation, differentiation 16 

therapy, and anti-GD2 immunotherapy—have improved outcomes for patients with 17 

high-risk NB, effective treatment options for relapsed or refractory disease remain 18 

limited9. Thus, a deeper mechanistic understanding of the transcriptional programs that 19 

sustain NB growth is essential for identifying novel therapeutic targets. 20 

Super-enhancers (SEs) are large, clustered cis-regulatory regions characterized by 21 

exceptionally high levels of H3K27ac enrichment. They drive robust transcription of 22 

cell-identity genes by recruiting transcription factors and co-activator complexes10,11. 23 

Relative to typical enhancers, SEs exhibit heightened sensitivity to oncogenic signaling 24 

perturbations and are indispensable for sustaining tumor-specific transcriptional 25 

programs 12. SE profiling has yielded critical insights into neuroblastoma (NB) cellular 26 

states. Prior studies have demonstrated that lineage-determining transcription factors—27 

including PHOX2B, HAND2, and GATA3—are under the control of SEs in NB5,6. 28 

Moreover, SE aberrations can directly activate oncogenes: dysregulated enhancer 29 

activity contributes to MYCN overexpression, while genetic polymorphisms within the 30 



 4 

LMO1 SE locus are associated with increased NB susceptibility7,8,13. Recent 1 

investigations have increasingly focused on downstream effector genes governed by 2 

SEs. Chen et al. reported that the BRD4 inhibitor GNE-987 potently suppressed NB 3 

cell proliferation and survival by globally disrupting the SE landscape; integrated RNA-4 

seq and ChIP-seq analyses identified FAM163A as an SE-dependent oncogene14. In 5 

another study, IRF2BP2 was identified as an SE-driven gene in NB. A MYCN–MEIS2–6 

HAND2-associated SE maintains elevated IRF2BP2 expression, and IRF2BP2, in turn, 7 

cooperates with AP-1 to remodel chromatin accessibility, upregulate ALK expression, 8 

and promote NB proliferation15. Collectively, these findings indicate that SEs facilitate 9 

NB progression through coordinated SE–effector–oncogene regulatory networks. Our 10 

prior work demonstrated that BRD4-targeting compounds—dBET57 and GNE-987—11 

inhibit NB proliferation, induce apoptosis and cell-cycle arrest, and modulate SE 12 

activity14,16. Integrated multi-omics analyses from these studies further implicated 13 

ZMYND8 as a downstream gene whose expression is regulated by BRD4-associated 14 

SE activity. 15 

ZMYND8—also known as RACK7 or PRKCBP1—is a chromatin-associated 16 

protein harboring multiple functional domains. Its PHD, bromodomain (BRD), and 17 

PWWP domains collectively recognize specific histone post-translational 18 

modifications and broader chromatin features, thereby facilitating the targeted 19 

recruitment of ZMYND8 to distinct genomic loci17. Early studies identified ZMYND8 20 

as a key regulator in the DNA damage response, where it physically associates with the 21 

NuRD complex to coordinate transcriptional repression and DNA repair at sites of 22 

damage18. Subsequent work revealed additional roles for ZMYND8 in P-TEFb–23 

dependent transcriptional elongation and enhancer function19. Collectively, these 24 

findings demonstrate that ZMYND8 is not solely a transcriptional repressor; rather, its 25 

functional output is highly context-dependent, varying with cellular state and local 26 

chromatin environment. Although accumulating evidence links ZMYND8 to cancer-27 

associated transcriptional programs, its precise role exhibits marked heterogeneity 28 

across different tumor types. In neuroblastoma (NB), however, ZMYND8 function 29 

remains largely uncharacterized. Given its association with super-enhancer (SE)–30 
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related features and its downregulation upon BRD4 inhibition, we hypothesize that 1 

ZMYND8 is itself an SE-regulated gene that contributes to oncogenic transcriptional 2 

programs in NB. 3 

In this study, we identified robust H3K27ac super-enhancer (SE) signals flanking 4 

the ZMYND8 locus across multiple neuroblastoma (NB) cell lines. Hi-C and Capture 5 

Hi-C analyses revealed chromatin interactions between this SE region and the 6 

ZMYND8 promoter. Luciferase reporter assays, combined with CRISPR/Cas9-7 

mediated enhancer deletion, functionally validated E1 as a key regulatory enhancer. 8 

Targeted repression of E1 significantly reduced ZMYND8 expression and impaired NB 9 

cell proliferation. Both in vitro and in vivo experiments demonstrated that ZMYND8 10 

knockdown suppressed proliferation and colony formation while inducing apoptosis in 11 

NB cells. RNA-seq analysis revealed that ZMYND8 depletion downregulated E2F 12 

target genes and transcripts associated with the G2/M checkpoint. By integrating RNA-13 

seq, ATAC-seq, and CUT&Tag data, we identified CDK6 as a critical downstream 14 

effector within the ZMYND8-dependent transcriptional program. Finally, structure-15 

based virtual screening identified HMN-176 as a candidate compound modulating the 16 

ZMYND8 pathway. HMN-176 reduced ZMYND8 protein levels without significantly 17 

altering its mRNA expression. The compound also downregulated CDK6 expression, 18 

induced apoptosis, and inhibited NB growth both in vitro and in vivo. Collectively, our 19 

findings delineate a BRD4/SE–ZMYND8–CDK6 regulatory axis that mechanistically 20 

links enhancer activity to cell-cycle control in neuroblastoma. 21 

 22 

2. Materials and methods 23 

2.1 Cell lines and cell culture 24 

SK‑N‑BE(2), SK-N-AS and SH‑SY5Y were obtained from the Cell Bank of 25 

Chinese Academy of Sciences. A murine neuroblastoma cell line was established from 26 

a primary tumor arising in an MYCN-driven transgenic mouse. SK-N-AS and 27 

SH‑SY5Y were maintained in DMEM (L110KJ, BasalMedia, Shanghai, China), 28 

SK‑N‑BE(2) in DMEM/F‑12 (L320KJ, BasalMedia, Shanghai, China), and murine 29 
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neuroblastoma cells in Neuroblastoma Conditional Reprogramming Medium (PRS-1 

NBM-CR, Precedo, Hefei, China). All media were supplemented with 10% fetal bovine 2 

serum (F0193, Sigma-Aldrich, MO, USA) and penicillin/streptomycin (C0222, 3 

Beyotime, Shanghai, China). Cells were cultured at 37 °C in a humidified atmosphere 4 

with 5% CO₂. Cell line identity was confirmed by short tandem repeat (STR) profiling. 5 

2.2 Generation of Stable Cell Lines for Gene Knockdown and Enhancer Silencing 6 

To establish stable ZMYND8 knockdown cell lines, shRNAs specifically 7 

targeting ZMYND8 were designed and synthesized by IGE Biotechnology (Guangzhou, 8 

China). Lentiviral supernatants were produced from pLKO.1-puro plasmids expressing 9 

either scrambled control shRNA or ZMYND8-targeting shRNA, followed by 10 

transduction into SK-N-BE(2), SK-N-AS and SH-SY5Y cells. SK-N-BE(2) and SK-N-11 

AS cells were first transduced with Cas9-expressing lentivirus and subjected to G418 12 

selection to generate stable Cas9-expressing cell populations. sgRNAs against the 13 

candidate enhancer as well as non-targeting control sgRNA (sgNC) were separately 14 

cloned into the Lenticrispr-copGFP vector, with all constructs synthesized by IGE 15 

Biotechnology. The resultant sgRNA-loaded lentiviral particles were subsequently 16 

transduced into the Cas9-positive stable cell lines. 17 

2.3 Dual Luciferase Reporter Assay 18 

Candidate enhancer fragments E1 and E2 of ZMYND8 were cloned into the 19 

pGL3-Promoter luciferase reporter vector (Promega, WI, USA). The target 20 

recombinant vectors were co-transfected with the Renilla luciferase control vector into 21 

NB cells using Lipo8000 transfection reagent (C0533, Beyotime). After 48 h of post-22 

transfection incubation, the Dual Luciferase Reporter Assay Kit (DL101, Vazyme, 23 

Nanjing, China) was utilized to detect the dual-luciferase reporter activity. 24 

2.4 Cell viability assays 25 

Cell viability was determined via the CCK‑8 assay (K1018, APExBIO, TX, USA) 26 

following the manufacturer’s protocol. For cell proliferation assays, 27 

ZMYND8‑knockdown neuroblastoma cell lines (SK‑N‑BE(2), SK-N-AS, SH‑SY5Y) 28 

were seeded in 96‑well plates at 2×10³ cells/150 μL and cultured at 37 °C with 5% CO₂. 29 
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CCK‑8 reagent was added on days 1, 3, 5 and 7 post‑seeding, followed by a 2 h 1 

incubation at 37 °C. For drug sensitivity assays, SK‑N‑BE(2) and SH‑SY5Y cells were 2 

plated at 8×10³ cells/150 μL. After attachment, cells were exposed to serially diluted 3 

compounds for 48 h prior to CCK‑8 incubation (2 h, 37 °C). Absorbance was recorded 4 

at 450 nm on a microplate reader. IC₅₀ values and relative cell viability were calculated 5 

using GraphPad Prism 10. 6 

2.5 H3K27ac ChIP-seq data processing and super-enhancer identification 7 

ChIP-seq reads were aligned to the hg38 human reference genome using Bowtie2 8 

(version 2.4.2). ChIP-seq peaks were subsequently identified using Model-based 9 

Analysis for ChIP-Seq (MACS2, version 2.2.7.1) with default parameters. BigWig files 10 

were generated using the bedGraphToBigWig utility from the UCSC Genome Browser 11 

and visualized with the Integrative Genomics Viewer (IGV). Super-enhancers were 12 

identified using the Rank Ordering of Super-Enhancers (ROSE) algorithm. H3K27ac 13 

peaks located more than 2 kb from any transcription start site were defined as enhancer 14 

regions. Enhancer elements separated by less than 12.5 kb were stitched together, and 15 

stitched enhancers were ranked according to H3K27ac signal intensity. The inflection 16 

point at which the tangent slope equaled 1 was used as the threshold to distinguish 17 

typical enhancers from super-enhancers. 18 

2.6 Capture Hi-C experiments and data analysis 19 

Hi-C libraries were prepared using the EpiTect Hi-C Kit (59971, Qiagen, Venlo, 20 

Netherlands). Briefly, 2×106 cells were harvested and crosslinked with formaldehyde, 21 

cells were lysed, beads equilibrated to room temperature were added to bind nuclei, and 22 

all subsequent reactions were performed according to the manufacturer's instructions. 23 

Hybridization of the Hi-C libraries to a custom 120-mer biotinylated DNA probe pool 24 

(Dynegene Technologies) was performed using the QuarHyb Super DNA Reagent Kit 25 

(NC1009A, Dynegene, Shanghai, China); capture libraries were then enriched and 26 

amplified according to the manufacturer's protocol. Libraries were sequenced on an 27 

Illumina HiSeq PE150 platform to generate 2×150 bp paired-end reads. Raw reads were 28 

filtered using fastp, aligned to the human reference genome hg38 with Bowtie2, and 29 
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valid contact pairs were identified using HiC-Pro (v3.1.0) with default parameters20. 1 

Chromatin loops were called with hichipper (v0.7.7)21, and visualization was performed 2 

with the R package plotgardener. 3 

2.7 RNA-seq and Data Analysis 4 

RNA-seq was performed according to the protocol provided by Novogene 5 

Bioinformatics Technology Co., Ltd. (Beijing, China). Differential expression analysis 6 

was performed using DESeq2, and differentially expressed genes (DEGs) were 7 

identified with the screening criteria of |log2FoldChange| > 1.0 and adjusted P < 0.05. 8 

Gene set enrichment analysis (GSEA) was conducted using the clusterProfiler package 9 

(version 4.4) in R version 4.2.1. 10 

2.8 CUT&Tag 11 

CUT&Tag assays were performed using the Hyperactive Universal CUT&Tag 12 

Assay Kit for Illumina (TD903, Vazyme) according to the manufacturer's instructions. 13 

The procedure included cell collection, primary- and secondary-antibody incubation, 14 

incubation with hyperactive pA/G transposase, tagmentation, DNA extraction, and 15 

library amplification. Purified libraries were sequenced by Novogene Bioinformatics 16 

Technology Co., Ltd. 17 

2.9 ATAC-seq 18 

ATAC-seq was performed using the indicated kit (TD501, Vazyme) according to 19 

the manufacturer's protocol with minor modifications. Briefly, cells were collected and 20 

lysed, followed by tagmentation, reaction termination, DNA extraction, library 21 

amplification, and size selection. Purified libraries were quality-controlled and 22 

sequenced by Novogene Bioinformatics Technology Co., Ltd. 23 

2.10 In vivo experiments 24 

All animal experiments were performed in accordance with institutional ethical 25 

guidelines and were approved by the Animal Care and Use Committee of Soochow 26 

University (approval number: CAM-SU-AP#: JP-2018-1; SUDA20251229A02).  27 

Five-week-old female mice were randomly assigned to groups of five. Luciferase-28 
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labeled neuroblastoma cells (5×106 cells/mouse) were subcutaneously inoculated to 1 

establish xenograft or syngeneic tumor models. For drug-treatment experiments, HMN-2 

176 was administered intraperitoneally at 20 mg/kg. Tumor growth was monitored by 3 

caliper measurement and bioluminescence imaging.  4 

2.11 Structure-based virtual screening 5 

The crystal structure of human ZMYND8 (PDB ID: 4COS) was used for structure-6 

based virtual screening. Potential ligand-binding sites were predicted using MOE, and 7 

Site 1 within the PWWP domain was selected as the docking pocket. The protein 8 

structure was prepared using the Protein Preparation Wizard in Schrödinger, including 9 

bond-order assignment, hydrogen addition, protonation at pH 7.0 using PROPKA, and 10 

restrained energy minimization with the OPLS4 force field. Compounds from the T001 11 

known bioactive compound library were prepared using LigPrep. Protonation states 12 

were generated using Epik at pH 7.0 ± 2.0, salts were removed, and tautomeric and 13 

conformational states were generated while retaining the original stereochemistry, with 14 

up to 32 conformations generated per compound. Molecular docking was subsequently 15 

performed using the Glide standard-precision (SP) mode in Schrödinger. Compounds 16 

with docking scores below −7 kcal/mol were retained for further analysis. Protein–17 

ligand interaction fingerprints (PLIFs) were analyzed, followed by structure-based 18 

clustering using the Jarvis–Patrick algorithm in MOE with a structural similarity 19 

threshold of 70%. Representative compounds with favorable docking scores from each 20 

cluster were further visually inspected for binding mode and structural plausibility. 21 

Finally, 156 candidate compounds were selected for subsequent experimental 22 

validation. 23 

2.12 Statistical analysis  24 

All experiments were performed independently, with at least three biological 25 

replicates for each condition. For time-course experiments, statistical comparisons were 26 

performed using endpoint measurements unless otherwise indicated. Statistical 27 

analyses were primarily conducted using unpaired two-tailed Student’s t-test or one-28 

way analysis of variance (ANOVA), and data were analyzed using GraphPad Prism 10. 29 



 10 

Differential expression analysis of RNA-seq data was corrected for multiple testing 1 

using the false discovery rate (FDR). Statistical significance was indicated as follows: 2 

ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001. All error 3 

bars represent standard deviations (SD), with n ≥ 3. 4 

Additional experimental procedures and bioinformatic analyses are provided in 5 

the Supplementary Methods. 6 
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3. Results 8 

3.1 Identification of ZMYND8 as a Super-Enhancer-Regulated Gene in 9 

Neuroblastoma 10 

Super-enhancers (SEs) are large cis-regulatory elements defined by extensive 11 

enrichment of active histone modifications—most notably H3K27ac—and play pivotal 12 

roles in sustaining tumor-specific transcriptional programs and driving the expression 13 

of key oncogenes. As a central epigenetic reader, BRD4 is critically involved in SE-14 

mediated transcriptional regulation and governs the expression of several essential 15 

oncogenes, including MYCN, in neuroblastoma (NB). In our prior studies, the BRD4-16 

targeting PROTAC degraders dBET57 and GNE-987 potently suppressed NB cell 17 

proliferation, induced apoptosis and cell-cycle arrest, and profoundly remodeled the SE 18 

landscape in NB cells14,16. Through integrated RNA-seq and ChIP-seq analyses, we 19 

further identified ZMYND8 as a SE-associated downstream gene whose expression 20 

was significantly altered upon dBET57 treatment16. 21 

To systematically determine whether ZMYND8 is under super-enhancer 22 

regulation in neuroblastoma, we integrated H3K27ac ChIP-seq datasets from 25 NB 23 

cell lines and 7 NB patients, and found that ZMYND8 is frequently regulated by super-24 

enhancers (Figure 1A). Enhancer ranking based on H3K27ac signal intensity revealed 25 

that ZMYND8 was consistently associated with super-enhancers (SEs) across multiple 26 

neuroblastoma (NB) cell lines—mirroring the SE association patterns observed for 27 

other NB lineage–defining transcription factors, including MEIS2, HAND2, GATA3, 28 

and PHOX2B (Figure 1B; Figure S1A). Visualization of H3K27ac ChIP-seq profiles 29 
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using the Integrative Genomics Viewer (IGV) further confirmed robust H3K27ac 1 

enrichment flanking the ZMYND8 locus in the majority of NB cell lines (Figure 1C; 2 

Figure S1A). Moreover, analysis of publicly available transcriptomic data from the Th-3 

MYCN+/+ mouse model demonstrated that Zmynd8 expression was significantly 4 

elevated in sympathetic ganglia of Th-MYCN+/+ mice relative to wild-type controls and 5 

exhibited coordinated expression with multiple established NB-associated genes 6 

(Figure 1D). Given the well-documented role of BRD4 in regulating transcription at 7 

SE-driven loci, we next investigated whether BRD4 modulates ZMYND8 expression. 8 

BRD4 knockdown in SK-N-BE(2) and SK-N-AS cells led to a significant reduction in 9 

ZMYND8 expression at both the mRNA and protein levels (Figure 1E–F). Consistently, 10 

pharmacological inhibition of BRD4 with GNE-987 markedly decreased ZMYND8 11 

protein abundance in both NB cell lines (Figure 1G). Together with our prior 12 

observations following dBET57 treatment and the current chromatin-level validation, 13 

these findings establish ZMYND8 as a bona fide NB-associated gene under direct 14 

regulation by the BRD4–super-enhancer axis. 15 

3.2 The Core Enhancer E1 Mediates SE-Dependent Regulation of ZMYND8 16 

Expression 17 

To further delineate the regulatory mechanism by which the ZMYND8-associated 18 

super-enhancer (SE) controls its target gene, we first examined chromatin interactions 19 

between the ZMYND8-SE region and the ZMYND8 promoter. Leveraging our SK-N-20 

BE(2) Hi-C dataset, we performed promoter-focused Capture Hi-C to enhance 21 

sequencing depth specifically at the ZMYND8 locus. A robust chromatin loop 22 

interaction was detected between the ZMYND8-SE region and the ZMYND8 promoter 23 

(Figure 2A), supporting a spatial proximity between this enhancer region and its 24 

cognate promoter. Next, we selected two candidate enhancer regions—E1 and E2—25 

based on the distribution of H3K27ac peaks across the ZMYND8-SE region. These 26 

regions, along with a negative-control genomic region, were cloned into the pGL3-27 

promoter luciferase reporter vector and assayed in both SK-N-BE(2) and SK-N-AS 28 

cells (Figure 2B). E1 conferred a marked increase in luciferase activity—consistent 29 
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with its strong H3K27ac enrichment—whereas E2 exhibited only minimal 1 

transcriptional activation. Collectively, these results identify E1 as a candidate core 2 

functional element within the ZMYND8-SE. 3 

To validate the functional role of enhancer E1 in cellular contexts, we employed 4 

CRISPR/Cas9-mediated enhancer disruption to specifically ablate the E1 cis-regulatory 5 

element. Two independent single-guide RNA (sgRNA) pairs—sgRNA1+2 and 6 

sgRNA3+4—were designed to target distinct sites within the E1 region (Figure 2C). 7 

Both sgRNA combinations induced significant reductions in ZMYND8 expression at 8 

both the mRNA and protein levels (Figure 2D–E). Consistent with these molecular 9 

phenotypes, repression of E1 markedly impaired the proliferative capacity of SK-N-10 

BE(2)-Cas9 and SK-N-AS-Cas9 cells, whereas treatment with control sgRNAs exerted 11 

no discernible effect (Figure 2F). Notably, E1 repression did not significantly affect the 12 

proliferation of parental SK-N-BE(2) and SK-N-AS cells lacking Cas9 expression 13 

(Figure 2F). Collectively, these results demonstrate that the core enhancer E1 within 14 

the ZMYND8 super-enhancer is essential for transcriptional activation of ZMYND8 15 

and supports neuroblastoma (NB) cell proliferation. 16 

3.3 ZMYND8 Promotes NB Cell Proliferation In Vitro and In Vivo 17 

To investigate the biological function of ZMYND8 in neuroblastoma (NB), we 18 

designed three short hairpin RNAs (shRNAs) specifically targeting ZMYND8 (sh-19 

ZMYND8#1, #2, and #3) alongside a non-targeting control shRNA (sh-NC). These 20 

constructs were stably transduced into SK-N-BE(2), SK-N-AS, and SH-SY5Y NB cell 21 

lines. Western blotting and RT-qPCR analyses confirmed that sh-ZMYND8#1 and sh-22 

ZMYND8#2 effectively suppressed ZMYND8 expression at both the mRNA and 23 

protein levels across all three cell lines (Figure 3A–B; Supplementary Figure 2A–B). 24 

Compared with the sh-NC control, ZMYND8 knockdown significantly inhibited 25 

cellular proliferation in SK-N-BE(2), SK-N-AS, and SH-SY5Y cells (P < 0.01) (Figure 26 

3C–D; Supplementary Figure 2C–D). Consistently, colony formation assays revealed 27 

a substantial decrease in clonogenic capacity upon ZMYND8 depletion, as reflected by 28 

both reduced colony number and diminished colony size (Figure 3E; Supplementary 29 
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Figure 2E). Furthermore, Annexin V-FITC/propidium iodide (PI) staining coupled with 1 

flow cytometric analysis demonstrated a significant increase in the proportion of 2 

apoptotic cells following ZMYND8 knockdown (Figure 3F). Supporting this 3 

observation, Western blot analysis showed elevated levels of cleaved PARP—a 4 

hallmark of caspase-mediated apoptosis—upon ZMYND8 depletion (Supplementary 5 

Figure 2F). Collectively, these findings indicate that ZMYND8 promotes NB cell 6 

proliferation and clonogenicity while exerting an anti-apoptotic function. 7 

To determine whether ZMYND8 modulates neuroblastoma (NB) tumor growth in 8 

vivo, we established a subcutaneous xenograft model in immunodeficient nude mice. 9 

Luciferase-labeled SK-N-BE(2) cells stably expressing either ZMYND8-targeting 10 

shRNA or non-targeting control shRNA (sh-NC) were inoculated subcutaneously into 11 

the right flank of each mouse. Tumor growth was monitored longitudinally via 12 

bioluminescence imaging (BLI) (Figure 4A). Three weeks post-inoculation, BLI signal 13 

intensity was markedly diminished in the ZMYND8-knockdown group relative to the 14 

sh-NC control group (Figure 4B–C). Consistently, serial caliper-based tumor volume 15 

measurements revealed significantly attenuated tumor growth upon ZMYND8 16 

depletion (Figure 4D), and tumors harvested at the experimental endpoint weighed 17 

significantly less in the knockdown group than in controls (Figure 4E–G). Western 18 

blotting and immunohistochemical analyses of xenograft tissues confirmed efficient 19 

ZMYND8 knockdown and further demonstrated a significant reduction in the 20 

proportion of Ki-67–positive proliferating tumor cells (Figure 4H–J). Collectively, 21 

these in vivo findings corroborate the in vitro results and establish that ZMYND8 22 

depletion suppresses NB tumorigenesis in vivo. 23 

3.4 ZMYND8 Sustains Cell Cycle Progression and CDK6-Mediated 24 

Transcriptional Programs in Neuroblastoma 25 

To investigate the transcriptional mechanisms underlying ZMYND8-dependent 26 

neuroblastoma (NB) cell proliferation, we performed RNA-seq analysis on SK-N-BE(2) 27 

cells transduced with either non-targeting control shRNA (sh-NC) or ZMYND8-28 

targeting shRNA. Differential expression analysis identified 862 downregulated and 29 
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841 upregulated genes upon ZMYND8 depletion (|log₂FC| > 1, adjusted *P* < 0.05) 1 

(Figure 5A). Gene set enrichment analysis (GSEA) of the downregulated gene set 2 

revealed significant suppression of E2F target genes and the G2/M checkpoint pathway 3 

following ZMYND8 knockdown (Figure 5B–D). Further interrogation showed that 4 

multiple key NB-associated oncogenes and lineage-specific regulators were 5 

significantly downregulated upon ZMYND8 depletion (Figure 5E). These 6 

transcriptional changes were independently confirmed by RT-qPCR and Western blot 7 

analyses (Figure 5F–G). Collectively, these findings indicate that ZMYND8 sustains 8 

transcriptional programs essential for cell-cycle progression and proliferative capacity 9 

in NB cells. 10 

To systematically identify key downstream effectors of ZMYND8, we performed 11 

RNA-seq and ATAC-seq in SK-N-BE(2) neuroblastoma cells with or without 12 

ZMYND8 depletion. In parallel, we conducted CUT&Tag to map the genome-wide 13 

chromatin occupancy of ZMYND8 in neuroblastoma cells. Differentially expressed 14 

genes, genes associated with altered chromatin accessibility, and ZMYND8-bound 15 

target genes were independently identified using predefined criteria (Figure 6A). 16 

CUT&Tag analysis revealed that approximately 50% of ZMYND8-binding peaks 17 

localized to promoter regions, indicating a role for ZMYND8 in promoter-associated 18 

transcriptional regulation (Figure 6B, Supplementary Figure 3A–B). Consistent with 19 

this, ATAC-seq analysis demonstrated a widespread reduction in chromatin 20 

accessibility upon ZMYND8 depletion (Figure 6C, Supplementary Figure 3C–D). 21 

Integrative analysis further showed that chromatin accessibility at ZMYND8-bound 22 

loci was significantly diminished following ZMYND8 knockdown (Figure 6D). 23 

Among the 84 candidate target genes identified through integrative analysis, CDK6 24 

emerged as a top candidate (Figure 6E). CDK6 is a critical regulator of cell-cycle 25 

progression and has been reported to be aberrantly overexpressed in high-risk 26 

neuroblastoma, where it drives malignant proliferation. 27 

Further analysis of the ZMYND8 CUT&Tag dataset revealed a prominent 28 

ZMYND8-bound regulatory enhancer that is functionally linked to CDK6 expression 29 

(Figure 6F). In addition, ZMYND8 occupancy was detected at regulatory regions 30 
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proximal to other neuroblastoma-associated genes—including PHOX2B and NFIB 1 

(Supplementary Figure 4A–B)—suggesting a broader role for ZMYND8 in 2 

transcriptional regulation. Nevertheless, given the robust multi-omics evidence and 3 

functional significance of CDK6 within this context, we prioritized the ZMYND8–4 

CDK6 regulatory axis for subsequent investigation. To assess its functional relevance, 5 

we employed a CRISPR-Cas9–mediated genomic deletion strategy to excise this 6 

enhancer. Enhancer ablation led to a pronounced reduction in CDK6 protein levels and 7 

significantly impaired the proliferation of SK-N-BE(2)-Cas9 cells (Figure 6G–I). In 8 

contrast, no discernible effect on proliferation was observed in the corresponding 9 

control cells (Figure 6J). Collectively, these findings establish CDK6 as a key 10 

downstream effector in the ZMYND8-associated transcriptional regulatory network 11 

and provide direct functional evidence linking ZMYND8-dependent chromatin 12 

regulation to CDK6 expression in neuroblastoma cells. 13 

3.5 Virtual Screening Identifies HMN-176 as a Candidate Compound Associated 14 

with ZMYND8 signaling in NB 15 

ZMYND8 plays a critical role in the assembly of transcriptional regulatory 16 

complexes and has been implicated in chromatin “reading” and the DNA damage 17 

response. Recent studies further indicate that ZMYND8 cooperates with epigenetic 18 

regulators—including KDM5C—to modulate enhancer activity. Human ZMYND8 is 19 

an 1,186-amino-acid protein; the available 4COS crystal structure (PDB ID: 4COS) 20 

spans residues 83–406 and encompasses tandem PHD and bromodomain (BRD) 21 

modules, as well as a zinc-finger motif that links the PHD/BRD region to the PWWP 22 

domain. Structural alignment using Molecular Operating Environment (MOE) yielded 23 

a root-mean-square deviation (RMSD) of 0.793 Å. We employed the 4COS structure 24 

of ZMYND8 as the structural template for virtual screening. Following protonation and 25 

energy-based structural optimization, potential ligand-binding pockets on the protein 26 

surface were systematically identified and characterized; the most promising pocket—27 

selected based on druggability, conservation, and proximity to functionally relevant 28 

motifs—was used for subsequent compound screening. Multiple ligand conformations 29 
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were generated and docked into the optimized protein structure using Schrödinger’s 1 

Glide software. Candidate compounds were then prioritized according to three key 2 

criteria: predicted binding affinity (expressed as docking score), structural diversity 3 

(assessed via fingerprint-based clustering), and binding mode compatibility (e.g., 4 

formation of key hydrogen bonds or hydrophobic interactions with conserved residues). 5 

This integrated prioritization strategy (Figure 7A; Supplementary Figures 5 and 6A–F) 6 

yielded a final set of 156 compounds exhibiting favorable predicted binding properties. 7 

Among the candidate compounds prioritized on the basis of docking scores, 8 

interaction profiles, structural diversity, and binding-mode analyses, HMN-176 and 9 

PKD-IN-1 demonstrated potent inhibitory effects on neuroblastoma (NB) cell viability 10 

(Supplementary Figure 7A). IC₅₀ analysis revealed that HMN-176 exhibited superior 11 

cellular inhibitory activity compared with PKD-IN-1, as evidenced by its significantly 12 

lower IC₅₀ value (Figure 7B). Notably, HMN-176 reduced ZMYND8 protein 13 

abundance in a concentration-dependent manner at relatively low concentrations, 14 

without significantly altering ZMYND8 mRNA levels (Figure 7C–D). Consistent with 15 

the phenotypic effects observed upon ZMYND8 knockdown, HMN-176 treatment 16 

induced dose-dependent increases in NB cell death and suppressed colony-forming 17 

capacity (Supplementary Figure 7B–C). Furthermore, HMN-176 treatment promoted 18 

apoptosis, enhanced PARP cleavage, and decreased CDK6 protein expression 19 

(Supplementary Figure 7D; Figure 7E). 20 

We next assessed the in vivo antitumor efficacy of HMN-176 using a 21 

subcutaneous SK-N-BE(2) xenograft model. Luciferase-expressing SK-N-BE(2) cells 22 

were implanted subcutaneously into mice, and HMN-176 was administered 23 

intraperitoneally at 20 mg/kg once daily from day 5 to day 16, excluding days scheduled 24 

for bioluminescence imaging (BLI). Tumor growth was longitudinally monitored by 25 

BLI on days 7, 14, and 21 (Figure 7F). Relative to vehicle-treated controls, HMN-176–26 

treated mice exhibited significantly attenuated bioluminescent signals (Figure 7G, 27 

Supplementary Figure 8A). Body weight was measured on days 3, 6, 12, and 18, and 28 

no statistically significant differences were observed between the two groups (Figure 29 

7H), indicating absence of treatment-related systemic toxicity. Consistent with the BLI 30 
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data, HMN-176–treated mice developed significantly smaller tumors compared with 1 

vehicle-treated controls (Figure 7I–J, Supplementary Figure 8B). Hematoxylin and 2 

eosin (H&E) staining and immunohistochemical (IHC) analysis further revealed 3 

downregulated ZMYND8 expression in tumors from HMN-176–treated mice, 4 

accompanied by corresponding histopathological alterations (Supplementary Figure 5 

8C–D). Histopathological examination of liver and kidney tissues showed no 6 

discernible pathological abnormalities (Figure 7K), collectively suggesting that HMN-7 

176 was well tolerated under the dosing regimen employed in this study. 8 

3.6 Zmynd8 promotes and HMN-176 suppresses murine neuroblastoma growth  9 

To further assess the therapeutic potential of Zmynd8-targeted therapy in murine 10 

neuroblastoma models, we utilized a murine neuroblastoma cell line derived from a 11 

primary tumor that arose in an MYCN-driven transgenic mouse. Genetic depletion of 12 

ZMYND8 markedly suppressed cellular proliferation (Figure 8A–C). Consistently, 13 

treatment with HMN-176 reduced ZMYND8 protein levels and significantly inhibited 14 

the growth of murine neuroblastoma cells (Figure 8D–E). Next, we established a 15 

syngeneic subcutaneous neuroblastoma model in C57BL/6 mice using luciferase-16 

expressing murine neuroblastoma cells, followed by administration of HMN-176 17 

(Figure 8F). In line with findings from the human neuroblastoma xenograft model, 18 

HMN-176 treatment led to a significant reduction in tumor bioluminescence imaging 19 

(BLI) signal intensity and effectively suppressed tumor growth relative to vehicle-20 

treated controls (Figure 8G–H). Body weight measurements taken on days 3, 6, 12, and 21 

16 revealed no statistically significant differences between the two groups (Figure 8I), 22 

indicating absence of overt systemic toxicity. Consistent with these observations, 23 

HMN-176–treated mice developed significantly smaller tumors than vehicle-treated 24 

controls (Figure 8J). Histopathological examination of liver and kidney tissues showed 25 

no apparent pathological abnormalities (Figure 8K), further supporting the conclusion 26 

that HMN-176 did not induce notable systemic toxicity under the experimental dosing 27 

regimen employed in this study. 28 
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Collectively, both genetic and pharmacological evidence support an oncogenic 1 

role for ZMYND8 in neuroblastoma and demonstrate that HMN-176 exerts potent 2 

antitumor activity in both human-derived and murine neuroblastoma models. BRD4-3 

dependent super-enhancers drive ZMYND8 transcription, and ZMYND8, in turn, 4 

sustains the CDK6-associated transcriptional program to promote neuroblastoma cell 5 

proliferation and survival. HMN-176 downregulates ZMYND8 protein levels and 6 

represses CDK6 expression, thereby inducing apoptosis and suppressing tumor growth 7 

(Figure 8L). 8 

 9 

4. Discussion 10 

Neuroblastoma exhibits pronounced genetic and epigenetic heterogeneity, and its 11 

growth is critically dependent on lineage-specific transcriptional programs. Beyond 12 

canonical genetic alterations—including MYCN amplification and ALK activation—13 

dysregulated enhancer activity has emerged as a key driver of neuroblastoma (NB) 14 

pathobiology1-3. Prior super-enhancer (SE) profiling studies have delineated two major 15 

cellular states in NB: adrenergic/noradrenergic and mesenchymal. These studies further 16 

uncovered core transcriptional regulatory networks centered on PHOX2B, HAND2, 17 

GATA3, ISL1, TBX2, and MYCN4-6,22-24. Importantly, these cellular states are 18 

dynamic rather than fixed; NB cells can reversibly transition between adrenergic and 19 

mesenchymal identities in response to extrinsic signaling cues and microenvironmental 20 

changes—a plasticity that may significantly influence therapeutic response22,25,26. 21 

Moreover, BRD4-dependent transcription plays a pivotal role in sustaining both 22 

MYCN-driven and core regulatory circuitry (CRC)-driven transcriptional programs in 23 

NB6,14,16,27,28. The identification of SE-regulated oncogenic effectors—such as 24 

FAM163A and IRF2BP2—further underscores that super-enhancers promote NB 25 

progression not only by reinforcing lineage-defining transcription factors but also by 26 

directly activating downstream effector genes14,15. In this study, we identify ZMYND8 27 

as an additional SE-regulated gene in NB. Our data establish a BRD4/SE–ZMYND8–28 

CDK6 regulatory axis that mechanistically links enhancer activity to cell-cycle control. 29 
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Multiple lines of evidence collectively demonstrate that ZMYND8 expression is 1 

regulated in a super-enhancer (SE)-dependent manner in neuroblastoma. H3K27ac 2 

profiling reveals robust super-enhancer signals flanking the ZMYND8 locus across 3 

multiple neuroblastoma (NB) cell lines. Hi-C and promoter-focused Capture Hi-C 4 

analyses further confirm spatial chromatin interactions between this super-enhancer 5 

region and the ZMYND8 promoter. Functional dissection identifies E1 as the core 6 

regulatory element within the super-enhancer: E1 exhibits potent enhancer activity, and 7 

its genetic disruption significantly downregulates ZMYND8 expression and impairs 8 

neuroblastoma cell proliferation. Moreover, both BRD4 knockdown and 9 

pharmacological inhibition of BRD4 markedly suppress ZMYND8 expression, 10 

underscoring the dependence of ZMYND8 transcription on BRD4-mediated enhancer 11 

function. These findings align with prior studies showing that SE-regulated genes 12 

exhibit heightened sensitivity to perturbations in enhancer transcription and are 13 

critically reliant on transcriptional co-activators such as BRD410-12,27-29. Collectively, 14 

these results establish a functional—rather than merely correlative—relationship 15 

between ZMYND8 expression and super-enhancer activity, extending beyond passive 16 

H3K27ac enrichment. Thus, ZMYND8 is positioned as a key component of a BRD4-17 

dependent transcriptional program in neuroblastoma. 18 

ZMYND8 is particularly intriguing because it functions as a chromatin reader. Its 19 

PHD–BRD–PWWP domain module recognizes multiple chromatin features, thereby 20 

facilitating the recruitment of ZMYND8 to specific genomic loci17. Early studies 21 

primarily focused on the role of ZMYND8 in the DNA damage response, where it 22 

contributes to the recruitment and/or regulation of the NuRD complex at sites of 23 

chromatin damage18,30,31. Subsequent investigations have revealed broader roles for 24 

ZMYND8 in transcriptional regulation. Notably, ZMYND8 interacts with P-TEFb and 25 

participates in transcriptional elongation19. In breast cancer, ZMYND8 has been shown 26 

to support HIF-dependent transcription by promoting BRD4 recruitment and enhancing 27 

RNA polymerase II elongation32,33. Additional studies have linked ZMYND8 to 28 

oncogenic transcription, cancer stem cell maintenance, and therapy resistance across 29 

diverse tumor contexts34-36. Collectively, these findings underscore the context-30 
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dependent functionality of ZMYND8. Our study extends this paradigm to 1 

neuroblastoma (NB). We demonstrate that ZMYND8 supports NB proliferation and 2 

survival: depletion of ZMYND8 significantly impairs cellular proliferation and colony-3 

forming capacity, induces apoptosis, and suppresses tumor growth in vivo.Our results 4 

further establish a functional link between ZMYND8 and cell-cycle regulation. RNA-5 

seq analysis revealed that ZMYND8 depletion markedly downregulates E2F target 6 

genes and genes associated with the G2/M checkpoint. Dysregulation of cell-cycle 7 

checkpoints is a well-characterized hallmark of NB, and aberrant activation of the 8 

cyclin D–CDK4/6 signaling axis contributes critically to sustaining the proliferative, 9 

poorly differentiated phenotype37-39. Prior work has demonstrated that elevated cyclin 10 

D1 expression and CDK4 activity correlate with the undifferentiated state of NB cells; 11 

moreover, pharmacological inhibition of CDK4/6 induces cell-cycle arrest and 12 

senescence37,38. Consequently, CDK4/6 inhibitors have emerged as promising 13 

therapeutic candidates for NB38,39. More recently, palbociclib—a selective CDK4/6 14 

inhibitor—has been shown to promote neuronal differentiation in adrenergic NB cells40. 15 

These prior findings provide a compelling biological rationale for our observation that 16 

CDK6 represents a key downstream effector of ZMYND8. 17 

We integrated RNA-seq, ATAC-seq, and ZMYND8 CUT&Tag data to identify 18 

genes whose expression depends on ZMYND8. CDK6 emerged as one of the most 19 

robust candidates from this integrative analysis. Depletion of ZMYND8 significantly 20 

reduced chromatin accessibility at genomic regions bound by ZMYND8. Furthermore, 21 

we identified a distal enhancer associated with the CDK6 locus that is directly occupied 22 

by ZMYND8. CRISPR-mediated deletion of this enhancer diminished CDK6 23 

expression and suppressed neuroblastoma (NB) cell proliferation. These findings 24 

indicate that ZMYND8 contributes to maintaining a transcriptionally permissive 25 

chromatin state at key cell-cycle–regulated genes, with CDK6 representing a critical 26 

downstream effector within this regulatory program. Nevertheless, CDK6 is unlikely 27 

to account for the full spectrum of phenotypic consequences resulting from ZMYND8 28 

loss. Indeed, ZMYND8 knockdown induced widespread alterations in chromatin 29 

accessibility and dysregulated numerous E2F- and G2/M-phase–associated genes, 30 
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suggesting that ZMYND8 governs a broader transcriptional network. Rescue 1 

experiments—specifically, re-expression of CDK6 in ZMYND8-depleted cells—2 

would help delineate the extent to which CDK6 mediates the observed proliferative 3 

defects. Moreover, given the previously reported physical and functional interactions 4 

of ZMYND8 with multiple epigenetic regulators—including the NuRD complex, P-5 

TEFb, BRD4, and others18,19,28-34, defining the precise composition and context-specific 6 

assembly of ZMYND8-associated transcriptional complexes in NB will be essential for 7 

elucidating the mechanistic basis of ZMYND8-dependent enhancer activation and 8 

downstream gene regulation. 9 

The identification of HMN-176 represents an initial pharmacological approach for 10 

modulating the ZMYND8-associated regulatory pathway. Structure-based virtual 11 

screening identified HMN-176 as a top candidate compound, and subsequent 12 

experimental validation demonstrated that HMN-176 significantly reduced ZMYND8 13 

protein levels without markedly affecting its mRNA expression. This reduction was 14 

associated with decreased CDK6 expression, enhanced apoptosis, impaired clonogenic 15 

capacity, and suppression of neuroblastoma (NB) tumor growth in preclinical models. 16 

However, HMN-176 is not a validated, selective inhibitor of ZMYND8. Prior studies 17 

have documented multiple off-target activities of both HMN-176 and its prodrug HMN-18 

214. Specifically, HMN-176 has been shown to interfere with NF-Y–dependent 19 

transcription and to modulate MDR1 expression41. HMN-214, meanwhile, has been 20 

implicated in PLK1-mediated mitotic regulation42,43 and has demonstrated antitumor 21 

activity in NB models through inhibition of PLK1 function43. Thus, although the 22 

observed downregulation of ZMYND8 protein upon HMN-176 treatment suggests a 23 

potential contribution of ZMYND8 to the compound’s antineuroblastoma activity, the 24 

present findings do not establish ZMYND8 as the direct or exclusive molecular target 25 

of HMN-176. 26 

Further pharmacological characterization will therefore be required. Biophysical 27 

binding assays, cellular target-engagement studies, protein-stability analyses, and 28 

structure-guided mutagenesis would collectively help determine whether HMN-176 29 

directly interacts with ZMYND8. In parallel, genetic experiments—such as modulation 30 
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of endogenous ZMYND8 expression or introduction of drug-resistant ZMYND8 1 

mutants—will be essential to assess whether alterations in ZMYND8 levels or function 2 

modulate cellular sensitivity to HMN-176, thereby providing more robust evidence for 3 

target dependency. Pharmacokinetic and toxicological profiling will also be necessary, 4 

notwithstanding the absence of overt body-weight loss or major histopathological 5 

abnormalities under the treatment conditions employed in this study. Finally, given that 6 

BRD4-dependent transcription, MYCN signaling, and CDK4/6-mediated cell-cycle 7 

progression represent interconnected therapeutic vulnerabilities in neuroblastoma 8 

(NB)6,14,16,25,26,35-39, it will be critical to evaluate whether pharmacological or genetic 9 

perturbation of ZMYND8 synergizes with BET inhibition, CDK4/6 inhibition, 10 

differentiation therapy, or standard cytotoxic regimens. 11 

In summary, the present study systematically identifies ZMYND8 as a novel 12 

super-enhancer-driven chromatin regulator that critically promotes the malignant 13 

progression of neuroblastoma. Mechanistically, ZMYND8 is transcriptionally 14 

controlled by a BRD4-dependent super-enhancer, and functions to maintain open 15 

chromatin states at key cell-cycle gene loci. By directly binding and activating the distal 16 

enhancer of CDK6, ZMYND8 sustains E2F and G2/M checkpoint transcriptional 17 

programs, thereby facilitating NB cell proliferation and tumor growth. 18 

Pharmacologically, the small-molecule compound HMN-176 exhibits potent anti-19 

tumor effects in NB models potentially through downregulating ZMYND8 and its 20 

downstream CDK6 signaling. Additional studies are warranted to quantify the extent 21 

to which CDK6 contributes to ZMYND8-dependent tumor growth and to definitively 22 

establish whether HMN-176 engages ZMYND8 directly. Collectively, this work 23 

defines a previously unrecognized BRD4/SE–ZMYND8–CDK6 regulatory axis, 24 

expands the understanding of super-enhancer-mediated oncogenic transcription in 25 

neuroblastoma, and highlights ZMYND8 as a viable and promising therapeutic target 26 

for NB treatment. 27 
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Figure legends 1 

Figure 1. Identification of ZMYND8 as a super-enhancer-regulated gene in 2 

neuroblastoma. (A) H3K27ac ChIP-seq data from 25 NB cell lines and 7 NB patients 3 

were integrated to profile enhancer activity around ZMYND8. (B) Rank ordering of 4 

super-enhancers based on H3K27ac ChIP-seq signals in representative neuroblastoma 5 

(NB) cell lines. ZMYND8 is highlighted. (C) Integrative Genomics Viewer (IGV) 6 

tracks showing H3K27ac enrichment surrounding the ZMYND8 locus in 7 

representative NB cell lines. The super-enhancer-associated region is indicated. 8 

(D) Expression analysis of Zmynd8 and representative NB-associated genes in 9 

sympathetic ganglia derived from Th-MYCN^+/+ and wild-type mice using publicly 10 

available datasets. (E) RT-qPCR analysis of ZMYND8 mRNA expression in SK-N-11 

BE(2) and SK-N-AS cells following BRD4 knockdown. (F) Western blot analysis of 12 

BRD4 and ZMYND8 protein expression following BRD4 knockdown in SK-N-BE(2) 13 

and SK-N-AS cells. (G) Western blot analysis showing ZMYND8 protein abundance 14 

in SK-N-BE(2) and SK-N-AS cells following treatment with the BRD4 inhibitor GNE-15 

987. Data are presented as mean±SD from three independent experiments. Unpaired 16 

two-tailed Student’s t-test was performed. “ns” indicates not significant; *P < 0.05, **P 17 

< 0.01, ***P < 0.001, ****P < 0.0001. 18 
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Figure 2. The core enhancer E1 mediates super-enhancer-dependent 20 

transcriptional regulation of ZMYND8. (A) Chromatin interaction map of 21 

the ZMYND8 locus generated by Hi-C and promoter-focused Capture Hi-C in SK-N-22 

BE(2) cells. A prominent chromatin interaction is observed between the ZMYND8-23 

associated super-enhancer region and the ZMYND8 promoter. (B) Schematic 24 

representation of candidate enhancer regions E1 and E2 within the ZMYND8-25 

associated super-enhancer and luciferase reporter analysis of their transcriptional 26 

activity in SK-N-BE(2) and SK-N-AS cells. A genomic region lacking prominent 27 

H3K27ac enrichment was used as a negative control. (C) Schematic illustration of the 28 

CRISPR/Cas9-mediated strategy used to disrupt the E1 enhancer. Two independent 29 

sgRNA combinations, sgRNA1+2 and sgRNA3+4, were designed to target E1. (D) RT-30 
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qPCR analysis of ZMYND8 expression following CRISPR/Cas9-mediated disruption 1 

of E1. (E) Western blot analysis of ZMYND8 protein levels following E1 disruption. 2 

(F) Cell proliferation analysis of SK-N-BE(2)-Cas9, SK-N-AS-Cas9, parental SK-N-3 

BE(2), and parental SK-N-AS cells following E1-targeting sgRNA treatment. Unpaired 4 

two-tailed Student’s t-test and one-way ANOVA were performed. “ns” indicates not 5 

significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 6 

 7 

Figure 3. ZMYND8 Promotes NB Cell Proliferation In Vitro. (A) RT-qPCR analysis 8 

confirming reduced ZMYND8 mRNA expression following ZMYND8 knockdown in 9 

NB cells. (B) Western blot analysis of ZMYND8 protein expression in SK-N-BE(2), 10 

SK-N-AS, and SH-SY5Y cells transduced with a non-targeting control shRNA (sh-NC) 11 

or independent ZMYND8-targeting shRNAs. (C–D) Cell proliferation assays showing 12 

reduced growth of NB cells following ZMYND8 depletion compared with sh-NC 13 

controls. (E) Representative images and quantitative analysis of colony formation 14 

assays showing decreased clonogenic capacity following ZMYND8 knockdown. 15 

(F) Flow cytometric analysis of apoptosis using Annexin V-FITC/PI staining in control 16 

and ZMYND8-depleted NB cells. Data are presented as mean±SD from three 17 

independent experiments. Unpaired two-tailed Student’s t-test and one-way ANOVA 18 

were performed. “ns” indicates not significant; *P < 0.05, **P < 0.01, ***P < 0.001, 19 

****P < 0.0001.  20 
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Figure 4. ZMYND8 Promotes NB Cell Proliferation In Vivo. Schematic 22 

representation of the subcutaneous xenograft model. Luciferase-labeled SK-N-BE(2) 23 

cells stably expressing sh-NC or ZMYND8-targeting shRNA were implanted 24 

subcutaneously into nude mice, and tumor progression was monitored longitudinally. 25 

(B-C) Representative bioluminescence imaging (BLI) and quantitative analysis of 26 

tumor‑bearing mice in the control and ZMYND8‑knockdown groups. (D) Tumor 27 

growth curves based on serial caliper measurements showing reduced tumor growth 28 

following ZMYND8 depletion. (E) Representative images of excised tumors at the 29 

experimental endpoint. (F–G) Quantification of tumor size and tumor weight at the 30 
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endpoint in control and ZMYND8-knockdown groups. (H) Western blot analysis 1 

confirming reduced ZMYND8 protein abundance in ZMYND8-knockdown xenograft 2 

tissues. (I-J) Representative immunohistochemical staining and quantitative statistics 3 

for ZMYND8 and Ki-67 in xenograft tumors. Data are presented as mean ± SD (n = 5 4 

mice per group). Unpaired two-tailed Student’s t-test was performed. “ns” indicates not 5 

significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 6 

 7 

Figure 5. ZMYND8 promotes E2F target and G2/M checkpoint transcriptional 8 

programs. (A) Volcano plot showing differentially expressed genes in SK-N-BE(2) 9 

cells following ZMYND8 knockdown. A total of 862 genes were downregulated and 10 

841 genes were upregulated according to the indicated differential-expression criteria. 11 

(B) Gene set enrichment analysis (GSEA) demonstrating significant suppression of 12 

E2F target genes following ZMYND8 depletion. (C) GSEA showing downregulation 13 

of the G2/M checkpoint transcriptional program in ZMYND8-depleted cells. 14 

(D) Representative visualization of genes within the E2F target and G2/M checkpoint 15 

gene sets. (E) Expression profile of multiple key neuroblastoma (NB)‑associated genes 16 

significantly downregulated following ZMYND8 knockdown. (F) RT-qPCR validation 17 

of selected key neuroblastoma (NB)‑associated genes identified by RNA-seq. 18 

(G) Western blot analysis confirming corresponding changes in representative key 19 

neuroblastoma (NB)‑associated proteins following ZMYND8 depletion. Unpaired two-20 

tailed Student’s t-test was performed. “ns” indicates not significant; *P < 0.05, **P < 21 

0.01, ***P < 0.001, ****P < 0.0001. 22 
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Figure 6. ZMYND8 Sustains a CDK6-Associated Transcriptional Program in NB 24 

Cells. (A) Schematic diagram of multi‑omics integrative analysis for screening 25 

candidate target genes regulated by ZMYND8. (B) Genomic distribution of ZMYND8 26 

CUT&Tag peaks, showing that approximately 50% of ZMYND8‑binding sites are 27 

located in promoter regions. (C) Volcano plot from ATAC‑seq assay showing reduced 28 

chromatin accessibility at most sites upon ZMYND8 knockdown. (D) ATAC‑seq 29 

signals at ZMYND8‑bound regions, indicating decreased chromatin accessibility 30 
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following ZMYND8 depletion. (E) The intersection of differentially expressed genes, 1 

genes with altered chromatin accessibility and ZMYND8‑bound genes yielded 84 2 

candidate target genes dependent on ZMYND8 regulation. (F) Genome browser view 3 

displaying ZMYND8 occupancy and chromatin features at the regulatory enhancer 4 

region associated with the CDK6 locus. (G) Generation of cells with 5 

CRISPR‑Cas9‑mediated deletion of the CDK6‑associated enhancer. (H) Western blot 6 

results showing decreased CDK6 protein level after deletion of the CDK6‑associated 7 

enhancer in SK‑N‑BE(2)‑Cas9 cells. (I) Cell proliferation assay: SK‑N‑BE(2)‑Cas9 8 

cells exhibited impaired proliferative capacity upon enhancer deletion compared with 9 

control cells. (J) No obvious change in proliferative capacity was observed in 10 

SK‑N‑BE(2) cells after deletion of this enhancer. Unpaired two-tailed Student’s t-test 11 

and one-way ANOVA were performed. “ns” indicates not significant; *P < 0.05, **P < 12 

0.01, ***P < 0.001, ****P < 0.0001. 13 
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Figure 7. Virtual Screening Identifies HMN-176 as a Candidate Compound 15 

Associated with ZMYND8 signaling in NB. (A) Structure-based virtual screening 16 

workflow for candidate compounds predicted to interact with ZMYND8. (B) IC₅₀ 17 

analysis comparing the effects of HMN-176 and PKD-IN-1 on neuroblastoma cell 18 

viability. (C) Western blot analysis showing a dose-dependent reduction in ZMYND8 19 

protein levels after HMN-176 treatment. (D) RT-qPCR analysis showing that HMN-20 

176 had no significant effect on ZMYND8 mRNA expression. (E) Western blot 21 

analysis showing increased PARP cleavage and reduced CDK6 protein levels following 22 

HMN-176 treatment. (F) Schematic illustration of the SK-N-BE(2) xenograft model 23 

and HMN-176 treatment schedule. (G) Representative bioluminescence images 24 

showing reduced tumor burden in HMN-176-treated mice compared with vehicle-25 

treated controls. (H) Body weight changes during treatment, showing no significant 26 

difference between the vehicle and HMN-176 groups. (I) Representative images of 27 

tumors collected from vehicle- and HMN-176-treated mice at the experimental 28 

endpoint. (J) Quantification of tumor weight showing reduced tumor growth following 29 

HMN-176 treatment. (K) Representative H&E staining of liver and kidney tissues 30 



 28 

showing no obvious pathological abnormalities after HMN-176 treatment. Data are 1 

presented as mean ± SD (n = 5 mice per group). Dose-response curves and IC₅₀ values 2 

were determined by nonlinear regression. Other comparisons between two groups were 3 

performed using an unpaired two-tailed Student’s t-test. “ns” indicates not significant; 4 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 5 

 6 

Figure 8. Zmynd8 promotes and HMN-176 suppresses murine neuroblastoma 7 

growth. (A) Schematic overview of Zmynd8 depletion in a murine neuroblastoma cell 8 

line established from an MYCN-driven transgenic mouse tumor. (B) Validation of 9 

Zmynd8 knockdown in murine neuroblastoma cells. (C) Cell proliferation analysis 10 

showing reduced proliferation after Zmynd8 depletion. (D) Western blot analysis 11 

showing decreased ZMYND8 protein levels following HMN-176 treatment. (E) 12 

Representative bright-field images showing growth inhibition of murine neuroblastoma 13 

cells following HMN-176 treatment. (F) Experimental scheme of the syngeneic 14 

subcutaneous neuroblastoma model established in C57BL/6 mice using luciferase-15 

labeled murine neuroblastoma cells, followed by HMN-176 treatment. (G) 16 

Representative bioluminescence imaging of tumor-bearing mice in the vehicle and 17 

HMN-176 treatment groups. (H) Quantification of bioluminescence signals showing 18 

reduced tumor burden after HMN-176 treatment. (I) Body weight changes during 19 

treatment, showing no significant difference between the vehicle and HMN-176 groups. 20 

(J) Representative images of tumors collected from vehicle- and HMN-176-treated 21 

mice at the experimental endpoint. (K) Representative H&E staining of liver and 22 

kidney tissues showing no obvious pathological abnormalities after HMN-176 23 

treatment. (L) Schematic model. Data are presented as mean ± SD (n = 5 mice per 24 

group). Unpaired two-tailed Student’s t-test and one-way ANOVA were performed. “ns” 25 

indicates not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 26 

 27 

Supplementary Figure Legends 28 



 29 

Supplementary Figure 1. Super-enhancer landscape and H3K27ac enrichment at 1 

the ZMYND8 locus in neuroblastoma. (A) Super-enhancer ranking and H3K27ac 2 

ChIP-seq profiles across additional NB cell lines, showing recurrent super-enhancer-3 

associated enrichment at the ZMYND8 locus and representative NB lineage-regulatory 4 

genes. (B) Additional genomic tracks showing H3K27ac enrichment surrounding 5 

the ZMYND8 locus in the indicated NB cell lines. 6 

 7 

Supplementary Figure 2. Validation of the biological effects of ZMYND8 depletion 8 

in neuroblastoma cells. (A) qRT-PCR confirmation of reduced ZMYND8 expression 9 

following shRNA-mediated depletion. (B) Western blot validation of ZMYND8 10 

knockdown using independent shRNAs in additional NB cell lines. (C–D) Additional 11 

cell proliferation assays demonstrating impaired NB cell growth following ZMYND8 12 

knockdown. (E) Representative colony formation assays showing decreased 13 

clonogenic survival after ZMYND8 depletion. (F) Western blot analysis showing 14 

increased cleaved PARP following ZMYND8 knockdown, consistent with enhanced 15 

apoptosis. Unpaired two-tailed Student’s t-test and one-way ANOVA were performed. 16 

“ns” indicates not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 17 

 18 

Supplementary Figure 3. Validation of ZMYND8 genomic binding and 19 

differential chromatin accessibility following ZMYND8 depletion. (A–B) 20 

Independent replicate analyses showing the genomic distribution of ZMYND8 21 

CUT&Tag peaks across different genomic regions in SK-N-BE(2) cells, consistent with 22 

the results shown in Figure 6B. (C) ATAC-seq peaks with decreased chromatin 23 

accessibility following ZMYND8 knockdown. (D) ATAC-seq peaks with increased 24 

chromatin accessibility following ZMYND8 knockdown. 25 

 26 

Supplementary Figure 4. ZMYND8 occupancy at regulatory regions of 27 

neuroblastoma-associated genes. (A) Genome browser view showing ZMYND8 28 

CUT&Tag signal at regulatory regions near the PHOX2B locus. (B) Genome browser 29 

view showing ZMYND8 CUT&Tag signal at regulatory regions near the NFIB locus.  30 

 31 



 30 

Supplementary Figure 5. Structure-based virtual screening strategy for ZMYND8.  1 

Structural characterization of ZMYND8 used for virtual screening. The crystal 2 

structure of human ZMYND8 (PDB: 4COS), encompassing residues 83–406 and 3 

containing the tandem PHD and bromodomain regions together with adjacent structural 4 

elements, was prepared for docking. Potential ligand-binding pockets were identified 5 

after protonation and structural optimization, and the indicated pocket was selected for 6 

subsequent virtual screening. 7 

 8 

Supplementary Figure 6. Structure-Based Virtual Screening of Candidate 9 

ZMYND8-Binding Compounds.(A) Structural alignment of the ZMYND8 protein. 10 

(B) Prediction of small-molecule binding sites in the ZMYND8 4COS structure. 11 

(C) Molecular docking score analysis of candidate compounds. (D–E) Compound–12 

protein interaction fingerprint analysis. (F) Structural diversity analysis of candidate 13 

compounds. 14 

 15 

Supplementary Figure 7. Cellular effects of candidate ZMYND8-associated 16 

compounds in neuroblastoma cells. (A) Screening of the top 50 compounds ranked 17 

by the integrated virtual-screening score, showing that HMN-176 and PKD-IN-1 18 

exhibited the strongest inhibitory effects on neuroblastoma cell viability. (B) Cell death 19 

analysis showing that HMN-176 increased neuroblastoma cell death in a dose-20 

dependent manner. (C) Colony formation assay showing reduced clonogenic capacity 21 

following HMN-176 treatment. (D) Apoptosis analysis showing increased apoptotic 22 

cell death after HMN-176 treatment. Data are presented as mean±SD from three 23 

independent experiments. Unpaired two-tailed Student’s t-test was performed. “ns” 24 

indicates not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 25 

 26 

Supplementary Figure 8. In vivo antitumor effects of HMN-176 in the SK-N-BE(2) 27 

xenograft model. (A) Quantification of bioluminescence imaging signals showing 28 

reduced tumor burden in HMN-176-treated mice compared with vehicle-treated 29 

controls. (B) Quantification of tumor volume showing significantly reduced tumor 30 



 31 

growth in the HMN-176 treatment group. (C) Representative H&E staining of 1 

xenograft tumor tissues from vehicle- and HMN-176-treated mice. (D) 2 

Immunohistochemical analysis showing reduced ZMYND8 expression in tumors 3 

following HMN-176 treatment. Data are presented as mean±SD from three independent 4 

experiments. Unpaired two-tailed Student’s t-test was performed. “ns” indicates not 5 

significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 6 
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	Supplementary Figure 2. Validation of the biological effects of ZMYND8 depletion in neuroblastoma cells. (A) qRT-PCR confirmation of reduced ZMYND8 expression following shRNA-mediated depletion. (B) Western blot validation of ZMYND8 knockdown using in...

