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Neuroblastoma (NB) is the most common extracranial solid tumor in children. Despite treatment advances, the survival rates of 
high-risk NB patients remain low. This highlights the urgent need for a deeper understanding of the molecular mechanisms driving 
NB progression to support the development of new therapeutic strategies. In this study, we demonstrated that the reduced levels of 
DNAJC12, a protein involved in metabolic regulation, are associated with poor prognosis in NB patients. Our data indicate that low 

DNAJC12 expression activates glycolysis in NB cells, leading to increased lactic acid production and histone H4 lysine 5 lactylation 
(H4K5la). Elevated H4K5la upregulates the transcription of COL1A1 , a gene implicated in cell metastasis. Immunohistochemistry 
staining of NB patient samples confirmed that high H4K5la levels correlate with poor clinical outcomes. Furthermore, we showed 
that inhibiting glycolysis, reducing H4K5la, or targeting COL1A1 can mitigate the invasive behavior of NB cells. These findings 
reveal a critical link between metabolic reprogramming and epigenetic modifications in the context of NB progression, suggesting 
that H4K5la could serve as a novel diagnostic and prognostic marker, and shed light on identifying new therapeutic targets within 
metabolic pathways for the treatment of this aggressive pediatric cancer. 
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limited improvement (Ladenstein et al., 2018 ; Yu et al., 
2021 ; Spencer et al., 2022 ). This underscores the urgent 
need for innovative therapeutic targets and prognostic 
markers. 
Within the realm of molecular oncology, members of the DNAJ 

heat shock protein family (HSP40) have emerged as promising 
targets. This family, comprising > 40 evolutionarily conserved 
members, orchestrates critical cellular processes such as pro- 
tein folding and transcriptional regulation (Gu et al., 2020 ; Liu 
et al., 2020 ). The differential expression of these proteins across 
tissues has been linked to either the promotion or inhibition of 
cancer progression, identifying specific DNAJ proteins as crucial 
prognostic indicators or potential therapeutic targets in cancer 
research (Sterrenberg et al., 2011 ; Wu et al., 2017 ). For exam- 
ple, reduced DNAJB6 levels have been observed in esophageal 
squamous cell carcinoma (Yu et al., 2015 ), and DNAJB4 has been 
Introduction 
Neuroblastoma (NB), the most prevalent extracranial solid

tumor in pediatric patients, is a formidable challenge in
pediatric oncology and is characterized by heterogenous
outcomes and high mortality rates (Verhoeven et al., 2022 ;
Friedman et al., 2024 ). Despite advancements in multimodal
anticancer treatments, including surgery, chemotherapy,
radiation, and GD2 mAb-based immunotherapy, the survival
rates of children diagnosed with high-risk NB have shown
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proposed as a potential biomarker for breast cancer (Acun et al., 
2017 ; Uretmen Kagiali et al., 2019 ). 
DNAJC12, a member of the HSP40 family, functions primar- 

ily as a cochaperone involved in the metabolism of aromatic 
amino acids, which are precursors for catecholamine synthesis 
(Jung-Kc et al., 2019 ). Notably, DNAJC12 is highly expressed in 
the adrenal gland ( https://www.proteinatlas.org/) and has been 
implicated in the migration and invasion dynamics of various 
cancers (Li et al., 2021 ; Deng et al., 2024 ; Shen et al., 2024 ). 
Given that NB originates from neural crest cells and often ex- 
hibits adrenal-like characteristics, such as the production of 
catecholamine (Jansky et al., 2021 ; Ponzoni et al., 2022 ), it has 
been hypothesized that DNAJC12 plays a role in NB progression. 
However, the specific function of DNAJC12 in NB remains unex- 
plored. 
In this study, we attempted to address this knowledge gap by 

exploring the role of DNAJC12 in NB, with a focus on understand- 
ing how it can affect tumor progression through mechanisms be- 
yond its established function in catecholamine biosynthesis. By 
examining the regulatory effects of DNAJC12 on metabolic and 
epigenetic pathways in NB, we aimed to enhance the molecular 
underpinnings of NB and identify new therapeutic strategies for 
this challenging pediatric cancer. 

Results 
Low DNAJC12 expression promotes NB cell proliferation and 
invasion 
To investigate the role of DNAJC12 in NB, we analyzed 

its mRNA levels in relation to patient prognosis by using 
data from 249 NB cases in the Therapeutically Applicable Re- 
search to Generate Effective Treatments (TARGET) database 
( Supplementary Table S1). Kaplan–Meier survival analysis re- 
vealed a significant association between DNAJC12 expression 
levels and patient outcomes, with lower levels of DNAJC12 cor- 
relating with a shorter median survival of 3.5 years, compared 
to 7.2 years in patients with higher DNAJC12 levels ( Figure 1 A). 
To further elucidate the impact of DNAJC12 on NB progres- 

sion, we generated two DNAJC12 knockout SH-SY5Y cell lines 
(KO1 and KO2) using clustered regularly interspaced short palin- 
dromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) 
gene-editing technology ( Figure 1 B). BrdU incorporation assays 
indicated that DNAJC12 knockout significantly increased cell 
proliferation, and this effect was partially reversed by transient 
transfection of a DNAJC12-expressing plasmid ( Figure 1 C). Simi- 
larly, Transwell invasion assays revealed that DNAJC12 knockout 
increased cell invasion ability, which was mitigated by DNAJC12 
complementation ( Figure 1 D). As expected, overexpression of 
DNAJC12 in SH-SY5Y cells led to significant reductions in both 
cell proliferation and invasion ( Supplementary Figure S1). Con- 
sistent results were obtained in another NB cell line, SK-N-SH 

( Supplementary Figure S2A–C). 
Given that metastasis is the primary cause of poor prog- 

nosis in NB (Matthay et al., 2016 ), we focused on the role 
of DNAJC12 in regulating cell invasion. Gene ontology (GO) 
and gene set enrichment analysis (GSEA) revealed that the 
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genes significantly upregulated in DNAJC12 KO SH-SY5Y cells 
were associated with invasion-related pathways, including ex- 
tracellular matrix (ECM) receptor interaction and focal adhe- 
sion ( Figure 2 A–C; Supplementary Table S2). F-actin (phal- 
loidin) staining revealed increased stress fiber abundance 
and lamellipodium formation in DNAJC12 KO cells ( Figure 2 D; 
Supplementary Figure S2D). Consistently, immunoblotting and 
quantitative polymerase chain reaction (qPCR) analyses re- 
vealed the upregulation of β-catenin, Filamin A, and several in- 
tegrins, which are key biomarkers for cytoskeleton organization 
and focal adhesion, in DNAJC12 KO cells ( Figure 2 E–G). These 
findings suggest that low DNAJC12 expression may contribute to 
poor prognosis in NB patients by promoting tumor cell metas- 
tasis, potentially through the modulation of signaling pathways 
related to biomechanical forces. 

Low DNAJC12 expression enhances NB cell invasion via 
glycolysis activation 
Considering the involvement of DNAJC12 in metabolic pro- 

cesses, we performed nontargeted mass spectrometry (MS)- 
based metabolomic analyses on wild-type and DNAJC12 KO 

SH-SY5Y cells. While intracellular dopamine was undetectable, 
likely due to its low concentration, we observed significantly 
increased levels of glycolytic metabolites, including pyruvate 
and lactic acid, in DNAJC12 KO cells ( Figure 3 A and B). An 
L-lactic acid colorimetric assay confirmed the elevated lactic acid 
levels in DNAJC12 KO cells ( Figure 3 C). Furthermore, GSEA of RNA 
sequencing (RNA-seq) data revealed activation of the glycolysis 
pathway in DNAJC12 KO cells, as evidenced by the upregulated 
expression of key glycolytic enzymes ( Figure 3 D and E). 
To examine whether the activation of glycolysis is responsi- 

ble for the enhanced invasion observed in DNAJC12 KO cells, 
we treated the cells with GNE-140, an inhibitor of lactate de- 
hydrogenase A (LDHA). As expected, treatment with GNE-140 
significantly reduced intracellular lactic acid levels ( Figure 3 F), 
stress fiber formation ( Figure 3 G), and the invasion ( Figure 3 H) 
of DNAJC12 KO cells without affecting cell viability. Collectively, 
these findings indicate that DNAJC12 deficiency facilitates NB 

cell invasion primarily through the activation of glycolysis, which 
in turn affects cytoskeletal dynamics. 

Low DNAJC12 expression enhances NB cell invasion via histone 
lactylation 
Although the activation of glycolysis is a hallmark of tumor 

cells (the ‘Warburg Effect’), the precise role of lactic acid in tumor 
progression remains incompletely understood. Recent studies 
have suggested that lactic acid can covalently modify lysine 
residues in histones, resulting in histone lactylation (Zhang 
et al., 2019 ). On the basis of these findings, we hypothesized 
that DNAJC12 knockout might enhance cell invasion through in- 
creasing histone lactylation. Immunoblotting analysis revealed 
a significant increase in pan-lactylation levels in DNAJC12 KO 

cells ( Figure 4 A). We further assessed specific histone lacty- 
lation sites using commercially available antibodies suitable 
for chromatin immunoprecipitation followed by sequencing 
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Figure 1 Low DNAJC12 expression promotes NB cell proliferation and invasion, correlating with poor prognosis in NB patients. ( A ) Kaplan–
Meier survival analysis of 279 NB patients from the TARGET database, stratified by DNAJC12 expression levels. Survival differences between 
high- and low-expression groups were analyzed using the log-rank test. ( B ) DNAJC12 KO SH-SY5Y cells were generated using CRISPR/Cas9, 
with complementation of DNAJC12 achieved via lentiviral transfection. DNAJC12 protein levels were assessed by immunoblotting, and the 
relative band intensity was quantified using ImageJ, normalized to that of β-actin, and expressed as the fold change relative to control (wild- 
type) cells. ( C ) Cell proliferation rates of DNAJC12 KO and complemented SH-SY5Y cells were measured via BrdU chemiluminescent assays 
and compared with those of control cells. ( D ) Cell invasion was assessed in DNAJC12 KO and complemented SH-SY5Y cells via Transwell 
assays, and the number of invaded cells was quantified. Scale bar, 10 μm. The data are presented as mean ± SEM from three independent 
experiments. Statistical significance was determined via two-tailed Student’s t- test (* P < 0.05; ** P < 0.01). 

 

 

 

 

 

 

 

(ChIP–seq) assays. Among the eight histone lactylation sites
detected, four (H4K5la, H2BK16la, H3K9la, and H4K8la) exhib-
ited a significant increase in lactylation upon DNAJC12 knockout
( Figure 4 B; Supplementary Figures S2E and S3). These results
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suggest that DNAJC12 knockout indeed enhances histone lacty-
lation, potentially contributing to increased NB cell invasion. 
To evaluate the relevance of histone lactylation for pa-

tient prognosis, we performed immunohistochemistry (IHC)
15
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Figure 2 Low DNAJC12 expression enhances NB cell invasion by activating signaling related to biomechanical force. ( A ) GO analysis for 
pathways enriched in DNAJC12 KO1 SH-SY5Y cells. ( B and C ) GSEA of genes related to ECM receptor interaction ( B ) and focal adhesion ( C ) 
was performed on 3 independent RNA-seq datasets from control and DNAJC12 KO1 SH-SY5Y cells. ( D ) Immunofluorescence staining showing 
a significant increase in F-actin levels in DNAJC12 KO SH-SY5Y cells. The average fluorescence intensity per cell was quantified using ImageJ. 
Scale bar, 25 μm. ( E and F ) The protein levels of β-catenin and Filamin A, normalized to β-actin. ( G ) The mRNA levels of integrins involved 
in ECM receptor interaction and focal adhesion in control and DNAJC12 KO SH-SY5Y cells were quantified by qPCR. The data are presented 
as mean ± SEM from three independent experiments. Statistical significance was determined via two-tailed Student’s t- test (* P < 0.05; 
** P < 0.01). 
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Figure 3 Low DNAJC12 expression enhances NB cell invasion and signaling related to biomechanical force through the activation of glycolysis. 
( A ) Heatmap showing the metabolomic profiles of control and DNAJC12 KO1 SH-SY5Y cells, highlighting 17 metabolites with significantly 
altered abundance. ( B ) Lactic acid levels in control and DNAJC12 KO1 SH-SY5Y cells were measured via MS-based metabolomics. 
( C ) Intracellular lactic acid concentrations were quantified via an L-lactic acid colorimetric assay. ( D ) GSEA of glycolysis- 
related genes was performed on three independent RNA-seq datasets from control and DNAJC12 KO1 cells. ( E ) The 
mRNA levels of key glycolytic enzymes ( HK2 , PKM , PFKM , LDHA , and LDHB ) in control and DNAJC12 KO1 SH-SY5Y cells. 
( F ) Intracellular lactic acid concentrations in DNAJC12 KO1 SH-SY5Y cells treated with DMSO or the LDHA inhibitor 
GNE-140 (10 μM). ( G ) Immunofluorescence staining of F-actin in DNAJC12 KO1 SH-SY5Y cells treated with or without 
GNE-140 (10 μM). Scale bar, 25 μm. ( H ) The invasion ability of DNAJC12 KO1 SH-SY5Y cells treated with or without GNE-140. Scale 
bar, 10 μm. The data are presented as mean ± SEM from three independent experiments. Statistical significance was determined via 
two-tailed Student’s t- test (* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001). 
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Figure 4 Low DNAJC12 expression enhances NB cell invasion via histone lactylation. ( A ) Pan-lactylation (Pan-Kla) levels in control and 
DNAJC12 KO SH-SY5Y cells, normalized to GAPDH. ( B ) H4K5la modification levels in control and DNAJC12 KO SH-SY5Y cells. ( C ) IHC staining 
of H4K5la modification in NB tumor tissues, with IHC scores and patient prognosis ( n = 18) shown in the right panel. Scale bar, 100 μm. 
( D ) IHC staining of H4K5la modification in primary tumor tissues and vascular metastasis tissues. Scale bar, 100 μm. The data are presented 
as mean ± SEM from three independent experiments. Statistical significance was determined using two-tailed Student’s t- test (* P < 0.05; 
** P < 0.01; **** P < 0.0001). 
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staining on tissue sections from NB patients admitted to our
hospital in 2018 and 2019, using antibodies against H4K5la,
H2BK16la, H3K9la, and H4K8la. Notably, high levels of H4K5la
were significantly associated with poor prognosis in NB pa-
tients ( Figure 4 C; Supplementary Figure S4). Importantly, in
one patient sample, the tumor cells that had metastasized into
blood vessels exhibited even greater H4K5la levels than pri-
mary tumor cells ( Figure 4 D), suggesting a potential role for
H4K5la in tumor metastasis. In contrast, anti-H4K8la antibod-
ies yielded suboptimal IHC staining results, and the levels of
H2BK16la and H3K9la did not correlate with patient prognosis
( Supplementary Figure S5). 

SIRT2 and p300/CBP regulate H4K5la modification in NB cells 
Histone modifications, including lactylation, are regulated by

specific enzymes known as ‘writers’ and ‘erasers’. Our previous
study revealed that SIRT2 functions as a histone delactylase
at specific sites in NB cells (Zu et al., 2022 ). Consistently, we
also observed a significant decrease in the H4K5la level of NB
cells transiently overexpressing wild-type SIRT2 (SIRT2OE ), but
not a catalytic-activation mutant SIRT2 (SIRT2Q167A ) (Finnin et al.,
2001 ; Figure 5 A), indicating that SIRT2 can serve as the ‘eraser’
for H4K5la in NB cells. As expected, overexpression of SIRT2OE

but not SIRT2Q167A significantly reduced cell proliferation and
invasion in DNAJC12 KO cells without affecting intracellular lactic
acid levels ( Figure 5 B–D). 
The histone acetyltransferase p300, which was previously

reported to mediate lactylation in vitro (Zhang et al., 2019 ),
was investigated as a potential ‘writer’ for H4K5la in NB cells.
Treatment with the p300/CBP inhibitor anacardic acid signifi-
cantly reduced H4K5la levels in DNAJC12 KO cells as well as
cell proliferation, stress fiber formation, and invasion, without
altering lactic acid levels ( Figure 5 E–I). These findings suggest
that SIRT2 and p300/CBP function as the ‘eraser’ and ‘writer’ for
H4K5la, respectively, thus regulating the metastatic phenotype
of NB cells. 

H4K5la promotes NB cell invasion by activating COL1A1 
transcription 
To identify genes regulated by H4K5la modification, we per-

formed ChIP–seq using an anti-H4K5la antibody in both wild-
type and DNAJC12 KO SH-SY5Y cells ( Supplementary Tables S3
and S4). This analysis revealed 1937 peaks corresponding to
1277 genes in wild-type cells and 2744 peaks corresponding
to 1766 genes in DNAJC12 KO cells ( Figure 6 A). Notably, 1208
genes were uniquely associated with H4K5la in DNAJC12 KO
cells, with the majority of these modifications located in pro-
moter regions ( Figure 6 B). A significant increase in H4K5la marks
at the transcription start site (TSS) was observed upon DNAJC12
knockout ( Figure 6 C), supporting the role of histone lactylation
as a transcription-activating modification (Wang et al., 2022b ). 
GO analysis revealed that the genes significantly differen-

tially expressed in DNAJC12 KO cells were enriched in pathways
related to biomechanical force and metastasis, including cell
adhesion molecule binding and actin binding ( Figure 6 D). To
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further elucidate the role of H4K5la in regulating biomechanical
force and facilitating cell invasion, we cross-referenced our RNA-
seq and ChIP–seq datasets to identify genes that were (i) sig-
nificantly upregulated upon DNAJC12 knockout, (ii) specifically
bound by the anti-H4K5la antibody, and (iii) critical for cell mi-
gration or invasion. Through this analysis, we identified COL1A1 ,
encoding type I collagen protein, which is a key regulator of
the ECM ( Figure 6 E). ChIP–qPCR analysis confirmed significantly
greater enrichment of H4K5la at the COL1A1 locus in DNAJC12
KO cells than in wild-type cells ( Figure 6 F). Additionally, qPCR
analysis demonstrated a substantial increase in COL1A1 tran-
scription upon DNAJC12 knockout ( Figure 6 G). These findings
suggest that H4K5la modification may promote NB cell invasion
by activating COL1A1 transcription. 
To validate the role of COL1A1 in DNAJC12 KO-induced NB cell

invasion, we silenced COL1A1 expression via small-interfering
RNA (siRNA) and treated the cells with the specific inhibitor
halofuginone. Both approaches effectively reduced COL1A1
mRNA and protein levels without affecting cell viability and
impaired the invasive capacity of DNAJC12 KO cells ( Figure 7 ;
Supplementary Figure S2H–K), confirming that COL1A1 is a
critical downstream effector of DNAJC12 knockout and H4K5la
modification. 

Discussion 
In this study, we identified a novel link between low DNAJC12

levels and poorer outcomes in NB patients. Our findings sug-
gest that this relationship is mediated by the elevated levels of
lactic acid and a consequent increase in H4K5la modification.
This modification is crucial for transcriptional regulation of the
COL1A1 gene, which plays a significant role in the ECM pathway,
affecting cell adhesion and possibly enhancing the metastatic
capabilities of NB cells. Our research reveals the complex inter-
play between metabolic changes and epigenetic modifications
in the control of tumor progression and prognosis of NB patients.
Furthermore, the emergence of H4K5la as a potential prognos-
tic marker offers insights into NB that could guide the refine-
ment of diagnostic and therapeutic strategies, representing a
small but impartment step toward more personalized treatment
modalities. 
While DNAJC12 is expressed in various tissues, including

renal tissues, our study focused on NB due to its distinct
neuroendocrine characteristics. NB arises from neural crest
cells and frequently displays adrenal-like features, such as
catecholamine production, which are crucial for tumor biology
and clinical outcomes (Jansky et al., 2021 ; Ponzoni et al., 2022 ).
Our findings indicate that the role of DNAJC12 in NB is mediated
through mechanisms involving glycolysis and epigenetic
reprogramming. Interestingly, DNAJC12 appears to have a
context-dependent function in cancer metabolism. In addition
to its established role in monoamine synthesis (Anikster et al.,
2017 ; Deng et al., 2024 ; Thony et al., 2024 ), DNAJC12 seems to
downregulate glycolysis in NB, which contrasts with its role in
non-small cell lung cancer, where high levels of DNAJC12 pro-
mote glycolysis via β-catenin activation (Wang et al., 2022a ). The
15
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Figure 5 Regulation of H4K5la modification by SIRT2 and p300/CBP in NB cells. ( A ) H4K5la modification levels in DNAJC12 KO1 SH-SY5Y 
cells with or without transient overexpression of wild-type (SIRT2OE ) or mutant (SIRT2Q167A ) SIRT2 plasmids, normalized to H4 and GAPDH. 
( B ) Intracellular lactic acid concentrations in DNAJC12 KO1 SH-SY5Y cells with or without transient overexpression of SIRT2OE or SIRT2Q167A 

plasmids. ( C ) Cell proliferation rates in DNAJC12 KO1 SH-SY5Y cells with or without transient overexpression of SIRT2OE or SIRT2Q167A plasmids. 
( D ) The invasion ability of DNAJC12 KO1 SH-SY5Y cells with or without transient overexpression of SIRT2OE or SIRT2Q167A plasmids. Scale 
bar, 10 μm. ( E –I ) DNAJC12 KO1 SH-SY5Y cells were treated with the p300/CBP inhibitor anacardic acid (AA, 10 μM). H4K5la levels ( E ), 
intracellular lactic acid concentrations ( F ), cell proliferation rates ( G ), F-actin amounts ( H ; scale bar, 25 μm), and cell invasion capability ( I ; 
scale bar, 10 μm) were measured. The data are presented as mean ± SEM from three independent experiments. Statistical significance was 
determined using two-tailed Student’s t- test (* P < 0.05; ** P < 0.01; ns, not significant). 
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Figure 6 H4K5la modification activates COL1A1 gene transcription. ( A ) Venn diagram showing genes uniquely identified by the anti-H4K5la 
antibody in wild-type and DNAJC12 KO1 SH-SY5Y cells. ( B ) Donut chart illustrating the genomic distribution of peaks identified by the anti- 
H4K5la antibody in wild-type and DNAJC12 KO1 SH-SY5Y cells. Promoters are defined as regions ± 2 kb from the TSS (in the RefSeq database). 
( C ) Anchor plot of H4K5la ChIP–seq signals around TSSs in wild-type and DNAJC12 KO1 SH-SY5Y cells. ( D ) GO analysis for the pathways 
enriched with genes significantly altered expression upon DNAJC12 knockout and were specifically recognized by the anti-H4K5la antibody 
in DNAJC12 KO1 SH-SY5Y cells. ( E ) Genome browser view of H4K5la signals in the COL1A1 gene promoter region in DNAJC12 KO1 SH-SY5Y cells. 
( F ) ChIP–qPCR analysis of H4K5la occupancy at the COL1A1 promoter in control and DNAJC12 KO1 SH-SY5Y cells. ( G ) COL1A1 mRNA levels in 
control and DNAJC12 KO1 SH-SY5Y cells. The data represent mean ± SEM from three independent experiments. Statistical significance was 
determined via two-tailed Student’s t- test (* P < 0.05). 
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Figure 7 H4K5la modification promotes NB cell invasion by activating COL1A1 transcription. ( A ) The viability of DNAJC12 
KO1 SH-SY5Y cells transfected with or without COL1A1 siRNA. ( B ) COL1A1 mRNA levels in DNAJC12 KO1 SH-SY5Y cells 
transfected with or without COL1A1 siRNA. ( C and D ) Type I collagen α1 chain protein ( C ) and H4K5la ( D ) levels in DNAJC12 
KO1 SH-SY5Y cells transfected with or without COL1A1 siRNA, normalized to β-actin. ( E ) The invasion ability of DNAJC12 KO1 
SH-SY5Y cells transfected with or without COL1A1 siRNA. Scale bar, 10 μm. ( F ) The viability of DNAJC12 KO1 cells treated with DMSO 

or the type I collagen inhibitor halofuginone (100 nM). ( G ) COL1A1 mRNA levels in DNAJC12 KO1 cells treated with or without Halofuginone 
(100 nM). ( H and I ) Type I collagen α1 chain protein ( H ) and H4K5la ( I ) levels in DNAJC12 KO1 SH-SY5Y cells treated with or without 
halofuginone (100 nM), normalized to β-actin. ( J ) Invasion ability of DNAJC12 KO1 SH-SY5Y cells treated with or without halofuginone 
(100 nM). Scale bar, 10 μm. The data are presented as mean ± SEM from three independent experiments. Statistical significance was 
determined via two-tailed Student’s t- test (* P < 0.05; ** P < 0.01; **** P < 0.0001; ns, not significant). 
underlying mechanisms by which the reduced DNAJC12 
levels activate glycolysis in NB cells remain unclear. 
However, HSPs such as HSP40 can directly interact 
with pyruvate kinase M2 (PKM2) and destabilize PKM2 
through HSC70, leading to the downregulation of glycolysis 
Page 10 o
(Huang et al., 2014 ). Given the structural similarity of the 
J domain between DNAJC12 and HSP40, it is plausible that 
DNAJC12 may inhibit glycolysis via a similar mechanism, a 
hypothesis that warrants further investigation (Qian et al., 
1996 ). The contrasting effects of DNAJC12 on glycolysis in 
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Figure 8 Schematic presentation of the DNAJC12’s role in driving NB progression via metabolic and epigenetic regulation. DNAJC12 down- 
regulation in NB cells enhances glycolysis, subsequently increasing lactate production and histone H4K5la modification. This modification 
upregulates COL1A1 expression, which promotes metastatic potential by activating biomechanical force. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

different cancers underscore its complex role in metabolic
reprogramming, indicating that therapies targeting DNAJC12
may need to be tailored to the metabolic profile of each cancer
type. 
Our study identifies H4K5la as a novel prognostic marker for

NB that is linked to glycolysis activation due to low DNAJC12
expression. While MYCN amplification is a well-known marker
for poor prognosis (Durbin et al., 2022 ; Zhang et al., 2023 ), it
is present in only ∼20% of NB cases (Dzieran et al., 2018 ) and
requires complex detection methods such as sequencing or flu-
orescence in situ hybridization (Mathew et al., 2001 ; Yue et al.,
2017 ), limiting its use in resource-constrained settings. Simi-
larly, other prognostic markers, such as ALK mutations (Bresler
et al., 2011 ) and TERT rearrangement (Huang et al., 2020 ), also
have detection limitations. In contrast, H4K5la is widely present
in NB cells and can be easily detected via IHC staining, offering
a more accessible way to identify high-risk patients and tailor
therapeutic strategies. 
Histone modifications have emerged as important markers

in cancer prognosis (Geffen et al., 2023 ). For example, loss of
H3K27me3 due to H3K27M mutation has been identified as the
causal factor of glioma (Lewis et al., 2013 ; Chung et al., 2020 ).
Page 11 o
In the context of NB, we and others also reported the dysregula-
tion of various histone modifications related to NB progression.
For example, the increased levels of H3K4me3, H3Q5ser, and
H4K8la are related to NB cell proliferation and migration (Sun
et al., 2015 ; Zhao et al., 2021 ; Zu et al., 2022 ). However, clinical
application of these markers is limited. Our identification of the
association of H4K5la with NB prognosis and its ability to be
detected in clinical samples suggest that H4K5la could serve as
a reliable biomarker for the early and accurate identification of
high-risk patients. 
The interactions among DNAJC12 expression, histone lactyla-

tion, and COL1A1 gene regulation present promising therapeutic
targets. COL1A1 , which encodes type I collagen, plays a role in
promoting tumor growth and invasion by supporting tumorige-
nesis through ECM remodeling (Tian et al., 2021 ; Comba et al.,
2022 ). Targeting this pathway could provide new strategies to
limit NB metastasis (Horwacik, 2022 ). However, our findings re-
quire validation in larger patient cohorts and preclinical models
to confirm the roles of DNAJC12 and H4K5la in NB progression
and their potential as therapeutic and prognostic markers. 
In conclusion, our research reveals a novel pathway in-

volving DNAJC12 downregulation and metabolic–epigenetic
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reprogramming in NB progression ( Figure 8 ). These findings 
pave the way for innovative diagnostic and therapeutic strate- 
gies, emphasizing the need for comprehensive approaches that 
integrate metabolic and epigenetic insights to better understand 
and manage NB. 

Materials and methods 
Cell lines and cell culture 
The human NB cell lines SH-SY5Y and SK-N-SH, along with hu- 

man embryonic kidney (HEK) 293T cells, were obtained from the 
Cell Bank of Type Culture Collection of the Chinese Academy of 
Sciences. SH-SY5Y and SK-N-SH cells were cultured in a 1:1 mix- 
ture of Eagle’s minimum essential medium (EMEM; ATCC) and 
Ham’s F12 medium (Gibco) supplemented with 10% fetal bovine 
serum (FBS; Nanjing Ozfan Biotechnology). HEK293T cells were 
cultured in Dulbecco’s modified Eagle’s medium (HyClone) sup- 
plemented with 10% FBS. All cell lines were maintained at 37°C
in a 5% CO2 atmosphere, and the culture medium was replaced 
every 3 days. Cell line authentication was performed periodically 
via short tandem repeat profiling, and all experiments were 
conducted with mycoplasma-free cells. 

Pharmacological inhibitors and antibodies 
The LDHA inhibitor (R)-GNE-140, the type I collagen 

synthesis inhibitor halofuginone, and the p300/CBP inhibitor 
anacardic acid were purchased from MedChemExpress and 
SelleckChem. The primary antibodies used included pan- 
Kla, H4K5la, H3K18la, H3K14la, H4K8la, H2BK16la, H3K9la, 
H4K16la, H4K12la (PTM-1401RM, PTM-1407RM, PTM-1427RM, 
PTM-1414RM, PTM-1415RM, PTM-1424RM, PTM-1419RM, 
PTM-1417RM, and PTM-1411RM, respectively, from PTM 

BIO), DNAJC12 (Proteintech, 12338-1-AP), GAPDH (Yeasen, 
30203E10S), and β-actin (CWBIO, CW0096) antibodies. The 
horseradish peroxidase (HRP)-linked goat anti-rabbit secondary 
antibody was purchased from Cell Signaling Technology 
(7074S). 

NB patients’ survival analysis 
Survival data for 249 NB patients ( Supplementary Table S1) 

were obtained from the TARGET database ( https://www.cancer.
gov/ccg/research/genome-sequencing/target). The patients 
were stratified into high- and low-expression groups on the 
basis of median DNAJC12 expression levels. Kaplan–Meier 
survival analysis was performed, and survival differences were 
assessed via the log-rank test. 

Generation of DNAJC12 KO SH-SY5Y and SK-N-SH cells using 
CRISPR/Cas9 
DNAJC12 knockout was performed using the CRISPR/Cas9 

system. The lentiCRISPR v2 vector (Addgene plasmid #52961), 
which was designed via the ECRISP tool ( http://www.e-crisp.
org/E-CRISP/), was used to clone gene-specific single guide RNA 
sequences ( Supplementary Table S5). The lentivirus was pro- 
duced by co-transfecting HEK293T cells with psPAX2, pMD2.G, 
and lentiCRISPR v2-derived plasmids using Lipofectamine 3000 
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(Invitrogen). After 6 h, the medium was replaced with fresh 
EMEM/F12 containing 15% FBS, and the lentiviral particles 
were harvested three days later. SH-SY5Y or SK-N-SH cells were 
infected with lentiviral particles and selected with 3 μg/ml 
puromycin (Gibco) 48 h post-infection. Knockout efficiency was 
confirmed by qPCR and immunoblotting. 

Transient transfection 
PLL3.7 plasmids containing 3 ×FLAG-tagged DNAJC12 or 

3 ×FLAG-tagged SIRT2OE and SIRT2Q167A were transiently trans- 
fected into DNAJC12 KO SH-SY5Y cells using Lipofectamine 3000 
(Invitrogen). Briefly, 7.5 μl of Lipofectamine 3000 was incubated 
with 2500 ng plasmids and 5 μl of p3000 reagent in OPTI-MEM 

medium, after which 5 × 105 cells were added. The culture 
medium was replaced with fresh EMEM/F12 containing 15% FBS 
after 6 h. The cells were harvested 72 h post-transfection for 
downstream analyses. 

siRNA-mediated COL1A1 knockdown 
siRNA sequences targeting COL1A1 were synthesized by 

GenePharma ( Supplementary Table S6). SH-SY5Y cells were 
transfected with siRNA using Lipofectamine 3000 (Invitrogen) 
and harvested 48 h post-transfection for qPCR and immunoblot- 
ting to analyze COL1A1 expression. 

RNA extraction and qPCR 
Total RNA was extracted using TRIzol reagent (Invitrogen) 

following the manufacturer’s protocol. Reverse transcription 
was performed using a Hifair® II 1st Strand cDNA Synthesis 
Kit (Yeasen) with 1 μg of RNA per sample. qPCR was con- 
ducted using Hieff® qPCR SYBR Green Master Mix (Yeasen), 
with target mRNA levels normalized to those of ACTB or GAPDH . 
The sequences of the qPCR primers used are provided in 
Supplementary Table S7. 

Protein extraction and immunoblotting 
The cells were lysed in sodium dodecyl sulfate (SDS) lysis 

buffer and subjected to immunoblotting. Lysates were separated 
on 8%, 10%, or 15% SDS–polyacrylamide gels and transferred 
to polyvinylidene difluoride membranes (Millipore). The mem- 
branes were blocked with 5% milk or bovine serum albumin 
(BSA) in phosphate-buffered saline (PBS) containing 0.05% 

Tween 20 for 1 h at room temperature. After blocking, the mem- 
branes were incubated with the appropriate primary antibodies 
overnight at 4°C. Then, the membranes were washed and in- 
cubated with HRP-conjugated secondary antibodies for 1 h at 
room temperature. The protein bands were visualized using an 
enhanced chemiluminescent reagent (Millipore) and detected 
using a chemiluminescence imaging system. 

Cell viability assays 
Cell viability was assessed using the CellTiter-Glo Lumines- 

cent Cell Viability Assay (Promega) according to the manufac- 
turer’s instructions. The cells were seeded in 96-well plates at a 
density of 5000 cells/well and cultured for 24 h. After treatment, 
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50 μl of the CellTiter-Glo reagent was added to each well and
incubated for 10 min, and luminescence was measured using
a BioTek Synergy H1 microplate reader. 

Cell proliferation assays 
Cell proliferation was measured using the Cell Proliferation

ELISA, BrdU (chemiluminescent) kit (Roche Diagnostics GmbH)
following the manufacturer’s protocol. Briefly, 1 × 104 cells
were seeded in opaque 96-well plates and cultured for 48 h.
The cells were incubated with BrdU labeling solution for 2 h,
followed by fixation, DNA denaturation, and incubation with
an anti-BrdU monoclonal antibody conjugated with peroxidase.
Luminescence was detected using a substrate containing lumi-
nol and 4-iodophenol, and measurements were taken using a
BioTek Synergy H1 microplate reader. 

Cell invasion assays 
Cell invasion assays were performed using 8- μm pore size

transwell chambers (Corning) with a Matrigel matrix (0.2 mg/ml
diluted with chilled serum-free medium). The cells were seeded
inside the Matrigel-coated chambers at a density of 1 × 105

cells per well in medium containing 1% FBS, with 20% FBS in
the medium outside the chamber. After 48 h, the cells were
fixed with 4% paraformaldehyde and stained with crystal violet
(Beyotime Biotechnology). Invaded cells were quantified by
counting cells in five random fields per view. 

Immunofluorescence staining 
Immunofluorescence staining for F-actin was conducted using

Alexa Fluor 488-conjugated phalloidin. The cells (2 × 105 ) were
seeded onto 14-mm round coverslips in a 12-well plate and cul-
tured for 24 h. The cells were then fixed with 4% paraformalde-
hyde for 30 min at room temperature and permeabilized and
blocked with 1% BSA, 0.02% Tween 20, and 0.2% Triton
X-100 in PBS. Coverslips were incubated with Phalloidin-488
(ThermoFisher Scientific) and 4′ ,6-diamidino-2-phenylindole
(DAPI) for 1 h at room temperature in the dark. After wash-
ing, the coverslips were mounted on slides, and images were
captured using a Leica Stellaris 5 confocal microscope (Leica
Microsystems). The integrated density (IntDen) was measured
using ImageJ software. 

Metabolomics 
Metabolomic analysis was performed on 1 ×106 cells, which

were washed with cold PBS and resuspended by 1 ml 80%
methanol. The supernatant was collected by centrifugation
and subjected to liquid chromatography–MS/MS. The sam-
ples were analyzed on a Q-Exactive Plus mass spectrometer
(ThermoFisher Scientific) with a Merck SeQuant ZIC-pHILIC col-
umn (2.1 × 150 mm, 5 μm). Metabolites were quantified by
calculating the peak areas. 

Lactic acid measurement 
The intracellular lactic acid concentration was measured with

an L-Lactic Acid (LA) Colorimetric Assay Kit (Elabscience). The
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cells (5 × 106 ) were sonicated in cold PBS, and the supernatant
was incubated with enzyme solution (LDH, NAD + , and PMS) and
chromogenic agent (NBT) for 10 min at 37°C. The absorbance at
530 nm was measured using a BioTek Synergy H1 microplate
reader, and lactic acid concentrations were calculated on the
basis of a standard curve. 

Patients’ samples and IHC staining 
Formalin-fixed paraffin-embedding (FFPE) samples from 18 NB

patients treated at Shanghai Children’s Medical Center between
January 2018 and December 2019 were included in this study.
An additional tumor sample containing intravascular tumor em-
boli from a patient diagnosed in 2021 was included to inves-
tigate the importance of H4K5la in NB metastasis. All patients
included in the study had been diagnosed with NB and had not
received chemotherapy or radiotherapy prior to tissue collection.
The study protocol was approved by the Institutional Review
Board and Ethics Committee at the Shanghai Children’s Medical
Center (SCMCIRB-K2024004-1). 
FFPE samples were sectioned into 4- μm thick slices and pro-

cessed for IHC staining. The tissue sections were incubated
with rabbit monoclonal antibodies targeting histone lactylation
at various sites, including anti-H4K5la. Following primary anti-
body incubation, the sections were treated with HRP-conjugated
goat anti-rabbit secondary antibodies. After staining, the slides
were digitized using a Leica Aperio scanner and analyzed
with Aperio ImageScope (Leica Biosystems). IHC staining in-
tensity was evaluated and scored independently by two pedi-
atric pathologists using a standardized scoring system: negative
(score 0), weak (score 1), moderate (score 2), strong (score 3),
and very strong staining (score 4). 

RNA-seq and data analysis 
Total RNA was extracted from wild-type and DNAJC12 KO

SH-SY5Y cells using TRIzol reagent (Invitrogen) following the
manufacturer’s protocol. RNA purification, reverse transcrip-
tion, library preparation, and sequencing were outsourced to
Mingma Technologies Co., Ltd, Shanghai. Sequencing libraries
were constructed using the TruSeq® Stranded Total RNA Gold Kit
(Illumina), which is designed to enrich polyadenylated RNA and
deplete ribosomal RNA. 
RNA-seq reads were quantified using Salmon, a tool for fast

and accurate transcript quantification. Differentially expressed
genes between wild-type and DNAJC12 KO cells were identi-
fied using DESeq2, applying a 1.5-fold change and an adjusted
P -value < 0.05 as the threshold to determine significance. GSEA
was performed to identify significantly enriched pathways and
biological processes, using GSEA software version 3.0 ( http://
www.broadinstitute.org/gsea/). 

ChIP–seq and ChIP–qPCR 
ChIP–seq and ChIP–qPCR were performed following a

previously described protocol (Zhao et al., 2021 ). Briefly,
1 × 107 cells were fixed with 1% formaldehyde, lysed in
SDS lysis buffer, and sonicated. Sonicated chromatin was
f 15
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immunoprecipitated overnight with anti-histone H4K5la or 
control IgG (Cell Signaling Technology, 66362S), with spike- 
in antibody and chromatin (Active Motif) added as control. 
Chromatin precipitates were obtained with Pierce protein A/G 

magnetic beads (Thermo Scientific) and eluted by protease 
K digestion, followed by cross-link reversal for 4 h at 65°C
and DNA purification using a DNA Clean & Concentrator 
kit (Qiagen). The immunoprecipitated DNA was used for 
ChIP–seq library preparation (ANOROAD) or ChIP–qPCR. 
The primer sequences for the COL1A1 gene are provided in 
Supplementary Table S7. For ChIP–seq data analysis, reads 
were aligned to the hg38 reference genome using the Burrows–
Wheeler Alignment tool v0.7.17-r1188, and peaks were called 
using MACS2 v2.2.6 after ambiguously mapped and duplicate 
reads. The ChIP–seq data were visualized with Integrative 
Genomics Viewer v2.8.13. 

Statistical analysis 
All the data were collected from at least three independent 

experiments. The results are expressed as mean ± SEM. Differ- 
ences between two groups were assessed using two-tailed un- 
paired Student’s t-test. Statistical analysis was performed using 
GraphPad Prism9 software (GraphPad Software LLC). P < 0.05 
was considered to indicate statistical significance. 

Data availability 
The raw and processed sequencing data from the RNA-seq 

and ChIP–seq experiments conducted in this study have been 
deposited in the Gene Expression Omnibus ( https://www.ncbi.
nlm.nih.gov/geo/) under accession numbers GSE262134 and 
GSE262547, respectively. Any additional data supporting the 
findings of this study are available from the corresponding au- 
thor upon reasonable request. 

Supplementary material 
Supplementary material is available at Journal of Molecular 

Cell Biology online. 
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