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Abstract: (1) Background: Hepatoblastoma is the most common primary liver cancer in children.
Nowadays, poor outcome occurs essentially for patients with distant metastases; (2) Methods:
Starting from Mammalian Metabolic Enzyme Database over expression of metabolic enzymes was
searched in hepatoblastoma tumors as compared to noncancerous liver tissue in transcriptome
dataset GSE131329. With overexpressed enzymes, Elasticnet machine learning tuning was
performed according to metastasis status outcome. With significant enzymes a metabolic expression
score was computed and integrated in multivariate clinical-biological logistic model; (3) Results:
Forty-one overexpressed enzymes discriminate hepatoblastoma tumors and noncancerous liver
tissues. Eighteen of them predict metastasis status (AUC 0.90) with 85.7% of sensibility and 92.3%
of specificity. Elasticnet machine learning model tuning highlighted major importance of DNMT3B
and PFKFB4 expression to predict metastasis. Role of these two enzymes was confirmed by
univariate analyses with respective p-values: 0.0058 and 0.0091. Metabolic score computed with
combined expression of DNMT3B and PFKFB4 discriminates metastasis status and high-risk CHIC
score by univariate analysis (p-value=0.005). Meta.score was found more sensitive than C1/C2
classifier to predict metastasis status (accuracy: 0.72 versus 0.55). Integration of meta.score
(DNMT3B, PFKFB4) with epidemiological parameters: gender, age at diagnosis, histological types,
and clinical PRETEXT stages in a multivariate model confirmed independent adverse role of
meta.score to predict metastasis status (multivariate p-value=0.003, odds ratio: 2.12); (4)
Conclusions: Based on metabolic enzyme expression program of hepatoblastoma, we characterized
a dual overexpression of PEKFB4 and DNMT3B in samples of patients at risk of metastasis (High
risk CHIC stratification). With combined tumor expression of DNMT3B and PFKFB4 a meta.score
was computed and this parameter was confirmed as an independent adverse score to predict
metastatic status during hepatoblastoma.

Keywords: hepatoblastoma; metastasis; CHIC risk; metabolism; epigenetics; DNA methylation;
glycolysis; transcriptome

1. Introduction

Hepatoblastoma is the most common primary liver cancer in children. Before eighties, complete
resection of the tumor was the only curative treatment for children with primary liver tumors.
Nowadays, some treatment with chemotherapy were introduced which improved management of
these patients but still poor outcome is observed for patients with distant metastasis [1,2].

Clinical evaluation of hepatoblastoma consists of several known prognostic factors, such as the
metastatic disease at diagnosis or pre-treatment extent of tumor (PRETEXT) stage, histological
subtypes, and serum alpha-fetoprotein (AFP) levels [3-5]. Some prognosis staging systems such as
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the PRETEXT stages (for pre-treatment extent of tumor) were developed to limit the toxic side effects
of chemotherapy during patient treatment. PRETEXT score is determined by the number of liver
segments affected, the degree of local invasion, the involvement of regional lymph nodes, and the
presence of distant metastasis [1,6,7]. Additionally, the CHIC risk stratification system was created
by the Children's Hepatic Tumor International Collaborative (CHIC)[3,8]. The CHIC classification
defines Standard-risk disease as PRETEXT I/II tumors or PRETEXT III tumors without any high-risk
PRETEXT annotation factors. Intermediate-risk disease includes PRETEXT IV tumors or PRETEXT
I-II tumors that have positive PRETEXT annotation factors. High-risk disease is defined as
metastatic hepatoblastoma. [9].

The Warburg effect plays a significant role in the development of hepatoblastoma tumors. These
tumors are often linked to various somatic mutations in the CTNNB1 gene, which encodes [3-catenin,
a transcriptional co-factor that responds to Wnt signaling. In mouse models of hepatoblastoma, the
tumor’s metabolic profile is strongly influenced by the specific type of B-catenin mutations present
[10]. This metabolic variation, based on different CTNNB1 mutations, was also observed in human
hepatoblastoma cell lines, where it was shown that {3-catenin can regulate the GLUT3-SLC2A3
glucose transporter [11]. Additionally, Brain-expressed X-linked protein 1 (BEX1) helps maintain
the stem cell-like properties of hepatoblastoma cells by promoting the Warburg effect through a
PPARY/PDK1-dependent pathway [12].

In parallel to these crucial steps, various cellular metabolites provide the chemical moieties for
DNA and histone modifications, resulting in a complex interplay between metabolism and
epigenetics [10]. DNA methylation regulates several biological processes, including gene
transcription, X chromosome inactivation, genomic imprinting, [11]. During tumorigenesis, DNA
methylation disturbances could induce repression of tumor suppressor genes by promoting
hypermethylation, and hypomethylation at repetitive sequences, leading to genomic instability [12].
The evaluation of hepatoblastoma methylation genomic profiles revealed a genome-wide
methylation dysfunction, characterized by hypermethylation at specific CpG islands, in addition to
a mild hypomethylation pattern in non-repetitive intergenic sequences [13].

In this work, based on metabolic enzyme expression program of hepatoblastoma tumors, we
characterized a dual overexpression of PFKFB4 and DNMT3B in patient samples at metastatic risk
(High risk CHIC stratification). With combined tumor expression of DNMT3B and PFKFB4, a
meta.score was computed and this parameter was confirmed as an independent adverse score to
predict metastatic status upon hepatoblastoma. We suggest that the meta.score might be useful to
improve the surveillance of patients at risk of tumor recurrence (i.e. >3 years, PRETEXT IV) (Fan Li,
PLOS One, 2021, 16(11): e0259503).

2. Materials and Methods

2.1. Public Hepatoblastoma Tumor Transcriptome Dataset

GSE131329 [9] transcriptome dataset was downloaded on Gene Expression Omnibus (GEO)
with GEOquery R-package version 2.70.0 [14,15] in R software environment version 4.3.3. This
microarray dataset is available at the following address:
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE131329 (accessed on 2024, September 3rd).
It comprised experiments performed with [HuGene-1_0-st] Affymetrix Human Gene 1.0 ST Array
microarray technology corresponding to annotation platform GPL6244 available at the following
address:  https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL.6244 (accessed on 2024,

September 3r4). This transcriptome dataset comprised experiments performed on 53 hepatoblastoma
tissues and 14 noncancerous liver tissue samples (Table 1, column “Total” for description of tumor
samples).
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Table 1. Clinical stratification (low and HIGH metabolic categories) of hepatoblastoma patients
according to their metabolic score on metastasis (GSE131329).

Variable Level low (n=30) HIGH (n=23) Total (n=53) p-value
age_months mean (sd) 24 (22.8) 31.4 (25.7) 27.2 (24.1) 0.26766
CHIC _risk_stratification Standard 23 (76.7) 8 (34.8) 31 (58.5)

High 3 (10.0) 11 (47.8) 14 (26.4)

Intermediate 4 (13.3) 4 (17.4) 8 (15.1) 0.00389
clinical_course Alive 26 (86.7) 12 (52.2) 38 (71.7)

Dead 4 (13.3) 11 (47.8) 15 (28.3) 0.01408
Clinical event during
follow up no 23 (76.7) 9(39.1) 32 (60.4)

YES 7 (23.3) 14 (60.9) 21 (39.6) 0.01293
histological_type Well diff. 17 (56.7) 13 (56.5) 30 (56.6)

Other 1(3.3) 1(4.3) 2 (3.8)

Poorly diff. 12 (40.0) 9(39.1) 21 (39.6) 0.98116
sex Female 14 (46.7) 11 (47.8) 25 (47.2)

Male 16 (53.3) 12 (52.2) 28 (52.8) 1.00000
PRETEXT stage P3 10 (33.3) 8 (34.8) 18 (34.0)

P2 10 (33.3) 5(21.7) 15 (28.3)

P4 4 (13.3) 7 (30.4) 11 (20.8)

P1 6 (20.0) 3(13.0) 9 (17.0) 0.41827

2.2. Expression of Metabolic Program

In our previous work [16], starting from Mammalian Metabolic Enzyme Database [17], it was
identified a metabolic program of 41 enzymes overexpressed in hepatoblastoma tumors (HB
metabolic-41) (Table S1). With HB metabolic-41 expression program, an unsupervised principal
component analysis was performed on the total transcriptome of the 53 hepatoblastoma tissues and
14 noncancerous liver tissue samples from GSE131329 dataset but also on the 53 tumors samples with
FactoMineR R-package version 2.11 [18]. Expression of predictive enzymes for metastasis status was
used to performed unsupervised clustering (Euclidean distances and Ward.D2 method) with
pheatmap R-package version 1.0.12. ROC curves and area under curve to predict metastasis status
with expression data were determined with pROC R-package version 1.18.5 [19].

2.3. Machine Learning Elasticnet Model on Metabolic Markers

For tumor samples, expression of the HB metabolic-41 program was extracted from dataset
GSE131329 and combined to the metastasis status metadata as outcome. After data splitting in
training and validation sets (0.7/0.3 ratio), Elasticnet model (tumor cell status binary outcome) was
tuned on alpha and lambda parameters with caret R-package version 6.0-94 [20]. Final Elasticnet was
fitted with best alpha parameter (alpha=0.2) by using glmnet R-package version 4.1-8 [21].
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Loop of univariate binomial regression was performed on each enzyme of HB metabolic-41
program according to metastatic binomial outcome. These analyses were performed with logitloop
R-package version 1.0.0 available at the following web address:
https://github.com/cdesterke/logitloop (accessed on 2024, September 3r). With most significant
metabolic gene a meta.score was computed summing their expression and binomial beta score
according the equation (1):

meta.score = (DNMT3B * 3.38905474467193) + (PFKFB4 * 2.3096192085631)) 1)

Comparisons between qualitative parameters were performed with chi.square test R function
and corresponding mosaicplot were drawn with vcd R-package version 1.4-12[22] . Optimal
threshold on meta.score was determined with cutpointr R-package version 1.1.2. Multivariate
binomial model with metastasis status as outcome (negative or positive) was built with generalized
linear “glm” model R function with binomial logit family. This model integrated metabolic
expression score (combined expression of DNMT3B and PFKFB4 in tumors) (meta.score) but also
some epidemiological parameters: age at diagnosis, gender, clinical parameter: PRETEXT stages, and
histological parameter: histological type with state of differentiation. Corresponding nomogram of
multivariate binomial model was built with regplot R-package version 1.1.

2.4. C1/C2 Classifier

According to the previous publication [23], hepatoblastoma C1/C2 16-gene classifier of was
applied on GSE131329 transcriptome cohort. This signature included expression of 16 genes: GHR,
APCS, C1S, AQP9, CYP2E1, APOC4, HPD, NLE, RPL10A, E2F5, BUB1, DLG?, IGSF1, AFP, DUSP9,
and ALDH2. K-means classification in two groups was performed on selected matrix of expression.
With group results confusion matrix and accuracy according metastasis prediction were evaluated
caret R package version 6.0-94 [20].

3. Results

3.1. Hepatoblastoma Tumor Metabolic Program Predicted Distant Metastasis Status

Previous studies, using data from the Mammalian Metabolic Enzyme Database [20,26],
identified a metabolic program consisting of 41 enzymes that are overexpressed in hepatoblastoma
tumor cells. In an independent cohort of transcriptome (dataset GSE131329) [9] (Table 1), by
unsupervised principal component analysis it was confirmed that HB metabolic-41 program well
stratified noncancerous liver tissue samples from HB tumor samples (p-value=2.77E-19, Figure 1A).

Unsupervised principal component analysis performed only on the 53 tumor samples with
metabolic-41 expression program allowed us to stratify metastatic outcomes of patients (PCA1 p-
value=0.048 and PCA3 p-value=0.042, Figure 1B). Analyses of loading for respective axes PCA1 and
PCA3 allowed to identify 18 enzymes overexpressed in positive status of metastasis for these
samples. By unsupervised clustering (Euclidean distances), expression of these 18 enzymes allowed
to stratify the majority of the tumor samples according to their metastatic status (P=0.0492, OR=3.9
95%CI=1.1-12.1) (Figure 1C). These predictive enzymes comprised: HK2 (hexokinase 2), PKM
(pyruvate kinase M1/2), ENO2 (enolase 2), ISYNA1 (inositol-3-phosphate synthase 1), PFKFB4 (6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase 4), DNMT3B (DNA methyltransferase 3 beta),
GSTP1 (glutathione S-transferase pi 1), CHST10 (carbohydrate sulfotransferase 10), NT5DC2 ( 5'-
nucleotidase domain containing 2), PYCR1 (pyrroline-5-carboxylate reductase 1), FKBP10 (FKBP
prolyl isomerase 10), PAPSS1 (3'-phosphoadenosine 5'-phosphosulfate synthase 1), GPX7
(glutathione peroxidase 7), PFKM (phosphofructokinase, muscle), SOAT2 (sterol O-acyltransferase
2), SOD3 (superoxide dismutase 3), DDAH2 (dimethylarginine dimethylaminohydrolase 2), and
P4HAZ2 (prolyl 4-hydroxylase subunit alpha 2). ROC curve analysis of the combined expression of
these eighteen enzymes allowed to predict positive status of metastasis with an area under curve
(AUC) of 0.901 with a sensibility of 85.7% and a specificity of 92.3% (Figure 1D). These results suggest
that metabolic expression program is affected in hepatoblastoma tumors in context of metastasis.
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Figure 1. Hepatoblastoma tumor metabolic program predicted distant metastasis status: dataset
GSE131329, A/ Principal component analysis performed on expression of hepatoblastoma (HB)
metabolic-41 program with tissue type stratification (non-cancerous liver tissue versus tumor), p-
value was obtained on first principal axis; B/ Principal component analysis performed on expression
of HB metabolic-41 program with stratification for metastasis status, p-values were respectively
obtained on first and third principal axes; C/ Unsupervised clustering (Euclidean distances) and
expression heatmap for 18 best metabolic markers in HB tumors (metastasis prediction selected on
PCA axes); ROC and area and under curve for expression of 18 best metabolic markers to predict
metastasis status in hepatoblastoma tumors (Sens: sensibility, Spe: specificity, PV+: positive
prevalence, PV-: negative prevalence).

3.2. Ranking of Metabolic Enzymes to Predict Metastasis status in Hepatoblastoma Tumors

To evaluate the importance of each enzyme which predict metastasis status of hepatoblastoma,
machine learning tuning was performed by Elasticnet on the expression of HB metabolic-41
expression program. After splitting cohort (Table 1) in two datasets: training dataset (70 percent of
samples) and validation dataset (30% of samples) a sequence of Elasticnet models were turned on a
training set with variation of lambda and alpha parameters (Figure 2A). Best prediction on validation
set was obtained for alpha parameter fixed to 0.2 with an area under curve of 0.78 for optimal lambda
(Figure 2A). Elasticnet model was fit with optimal alpha parameter fixed to 0.2 (Figure 2B) and the
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coefficient of variation of these models (Figure 2C) allowed us to identify 9 metabolic enzymes:
DNMT3B, PFKFB4, SOD3, NT5DC2, PKM, GSTP1, SOAT2, FKBP10, and PYCR1 with positive
individual coefficients (Figure 2D). DNMT3B followed by PFKFB4 and SOD3 was identified having
the highest importance to predict the positive status of metastasis in HB (Figure 2D). Combined
expression of these 9 enzymes allowed to still predict positive metastasis status with an area under
curve of 0.86, a sensibility of 78.6% and a specificity of 87.2% (Figure 2E).
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Figure 2. DNMT3B expression is the best metabolic marker to predict metastasis in
hepatoblastoma tumors: A/ Elasticnet tuning (lambda and alpha parameters) performed on HB
metabolic-41 expression program to predict metastasis status in tumors (AUC: area under curve
evaluated on validation cohort after training-validation split: 0.7/0.3), B/ Elasticnet fit with best alpha
parameter fixed to 0.2; C/ Elasticnet coefficient of variation with best alpha parameter fixed to 0.2; D/
Barplot of best positive Elasticnet coefficients to predict metastasis concerning metabolic markers. E/
ROC curve and area under curve to predict metastasis with combination of the nine elasticnet
metabolic markers: DNMT3B, PFKFB4, SOD3, NT5DC2, PKM, GSTP1, SOAT2, FKBP10, and PYCR1.
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3.3. Combined Tumor Expression of DNMT3B and PFKFB4 Allowed to Predict Metastasis and CHIC Risk
Stratification during Hepatoblastoma

A univariate logistic regression analysis was performed for each enzyme in the HB metabolic-
41 expression program, based on the binary outcome of metastasis in hepatoblastoma (Figure 3A).
These analyses confirmed major importance of DNMT3B and PFKFB4 expression in HB tumor to
predict metastasis (Figure 3A). During univariate analyses against metastasis outcome, DNMT3B
expression harbored an odds-ratios of 29.64 and PFKFB4 expression and odds ratio of 10.07 (Table 2).

Table 2. Univariate binomial analyses for expression of the best metabolic markers to predict
metastasis status in hepatoblastoma tumors.

predictors beta coefficients Odds-ratios P-values
DNMT3B 3.389 29.638 5.82E-03
PFKFB4 2.310 10.071 9.07E-03
NT5DC2 1.030 2.801 2.27E-02
PKM 1.321 3.745 2.69E-02
PYCR1 0.792 2.208 3.50E-02
FKBP10 0.764 2.146 4.81E-02
GSTP1 0.702 2.017 6.80E-02
CHST10 1.009 2.742 9.35E-02
ENO2 0.802 2.230 9.46E-02
ISYNA1 0.772 2.163 9.71E-02

Indeed, difference in DNMT3B expression was confirmed between HB tumors with negative
and positive status for metastasis (2 sided ttest p-value=0.007, Figure 3B), and it was the same case
for PFKFB4 expression (2 sided ttest p-value=0.020, Figure 3C). Based on the expression levels of the
two markers, DNMT3B and PFKFB4, a metabolic score (meta.score) was calculated, and this score
was found to be significantly different between hepatoblastoma tumors with positive and negative
metastasis status (two-sided t-test, p-value = 0.0054, Figure 3D). As reported in cohort metastatic
status, optimal threshold on meta.score parameter was determined with ROC analysis: a threshold
of 38.3 allowed to obtain an area under curve of 0.78 to predict metastasis (Figure 3E). In relation to
this meta.score threshold, we performed a cohort stratification in two groups: low (30 patients) and
HIGH (23 patients) (Table 1). Patients belonging to these two groups did not shown difference for
sex (p-value=1, Table 1) or age of diagnosis (p-value=0,27, Table 1). Based on meta.score stratification
a significant difference was found for clinical course (p-value=0.01408, Table 1) with higher
proportion of patients alive in group of low meta.score (Figure 3F), also a significant difference was
observed concerning clinical events during follow up (p-value=0.013, Table 1) with increased
proportion of positive clinical events in group meta.score HIGH (Figure 3G), and a significant
difference of CHIC risk stratification.

d0i:10.20944/preprints202409.1115.v1
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Figure 3. DNMT3B and PFKFB4 combined expression predicts metastasis and CHIC risk stratification
in hepatoblastoma tumors: A/ Univariate binomial analyses for best metabolic markers in
hepatoblastoma tumor according metastasis status as outcome; B/ Boxplot of DNMT3B expression
stratified on metastatic status and colored according CHIC risk stratification, p-value obtained by
two-tailed ttest; C/ Boxplot of PFKFB4 expression stratified on metastatic status and colored according
CHIC risk stratification, p-value obtained by two-sided t test; D/ Boxplot of meta.score
(metabolic/metastatic score: DNMT3B & PFKFB4 combined expression) stratified on metastasis status
and colored according CHIC risk stratification, p-value obtained by twosided ttest; E/ Optimal
cutpoint determination on meta.score to predict metastasis status; F/ mosaicplot crossing meta.score
categories with clinical course status (p-value of chi-square test); G/ mosaicplot crossing meta.score
categories with clinical event (p-value of chi-square test); H/ mosaicplot crossing meta.score
categories with CHIC risk stratification (p-value of chi-square test).

3.4. Metabolic Expression Score (DNMT3B & PFKFB4) Better Predict METASTASIS as compared to C1-
C2 Classifier

During hepatoblastoma C1/C2 16 gene classifier distinct two types of tumors with different
expression of hepatic stem/progenitor markers in immature tumors in relation with activation state
of beta-catenin[23]. This referent classifier was applied to GSE131329 transcriptome dataset[9]. In
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context of Affymetrix Human Gene 1.0 ST Array technology employed on this cohort, it was possible
13 of the 16 markers. Based on expression of these marker a kmeans classifier was stratified in two
groups (Figure 4A) with well stratified Cairo groups by principal component analysis (Figure 4B).
Unsupervised clustering by Euclidean distances aggregate majority of Cairo-C1 samples on left
cluster and majority of Cairo-C2 samples on right cluster(Figure 4C). Confusion matrix between
Cairo C1-C2 prediction and distant metastasis allowed to evaluate a metastasis prediction accuracy
of 0.55 with 46% of sensibility and 79% of specificity (Figure 4D). Concerning meta.score allowed to
evaluate a metastasis prediction accuracy of 0.72 with 69% of sensibility and 79% of specificity (Figure
4E). In comparison, to C1/C2 classifier, meta.score better predict metastasis status in hepatoblastoma
in terms of accuracy and sensibility. Specificity of the 2 parameters was found equivalent.
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Figure 4. meta.score better predict metastasis than C1-C2 classifier: dataset GSE131329: A/ Efficiency
yield of cluster numbers during kmeans clustering based on C1-C2 expression signature; B/ Principal
component analysis with stratification C1/C2 group based on Cairo signature; C/ Unsupervised
clustering on C1/C2 signature with Cairo prediction, metastasis, and meta.score (metabolism)
stratification; D/ Confusion matrix testing accuracy of Cairo C1-C2 classifier to predict metastasis

status; E/ Confusion matrix testing accuracy of meta.score to predict metastasis status.
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3.5. Metabolic Expression Score (DNMT3B & PFKFB4) is an Independent Adverse Parameter to Predict
Metastasis in Tumor from Hepatoblastoma

At the univariate level, we demonstrated that the meta.score, derived from the combined
expression of DNMT3B and PFKFB4, can predict metastasis status in hepatoblastoma tumors. Using
the generalized linear model R function, we constructed a logistic multivariate model to address the
binomial outcome of metastasis. This model incorporated meta.score expression along with
epidemiological parameters such as age at diagnosis and sex, as well as tissue differentiation and
PRETEXT stages (see Figure 5A). In this multivariate model, the meta.score continued to be a
significant adverse factor (multivariate p-value = 0.003, Figure 5A), with an odds ratio of 2.12 for
predicting a positive metastatic status in hepatoblastoma. The nomogram for this model (Figure 5B)
showed that the distribution of meta.score is well-represented within the total points, especially
between 0 and 60. These results suggest that, despite the integration of epidemiological, histological,
and clinical parameters, the meta.score remains a significant independent predictor of metastasis in

hepatoblastoma.
Metastasis prediction in HB tumor samples
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Figure 5. meta.score is an independent adverse parameter to predict metastasis status in
hepatoblastoma tumors: A/ Forestplot of the multivariate binomial clinical-biological model with
metastasis status as outcome incorporing distinc parameters: age of diagnosis (age_months),
meta.score (DNMT3B & PFKFB4 combined expression), gender of patients (T: female as reference),
histological type of tumors (T: other as reference), PRETEXT stage (T: pretext stage 1 (P1) as reference,
P2: stage 2, P3: stage 3, P4: stage 4), OR: odds ratios); B/ Nomogram of the multivariate metastasis
model.
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4. Discussion

During this work starting from Mammalian Metabolic Enzyme Database [17] we established an
expression metabolic score based on combined expression of DNMT3B and PFKFB4 in
hepatoblastoma. This metabolic score allowed to predict positive metastatic status of the tumor and
high CHIC risk stratification during hepatoblastoma. Almost high-risk CHIC hepatoblastoma
patients had distant metastasis and high expression of histone cluster genes and small nucleolar
RNA, suggesting that distant metastasis of hepatoblastoma may be correlated with epigenetic
regulation[9].

Among the epigenetic regulation mechanisms, DNA methylation occurs through the addition
of a methyl group to a cytosine (5mC) by DNA methyltransferase enzymes (DNMTs) [24]. During
hepatoblastoma, enrichment of 5 hydroxymethyl cytosine associated to expression disruption of
UHRF]1, TET1, and TET2 was already described [25]. DNMT3B with DNMT3A in opposite to DNMT1
led to the establishment of de novo methylation[26]. In HCT116 colorectal cancer cell line, disruption
of DNMT1 and DMNT3B and pharmacologic inhibition with 5-Aza-2'-deoxycytidine (5-Aza-dC,
decitabine) activated demethylation of the MEG3-DMR and expression of 14932 miRNAs, which
suppressed adhesion, invasion, and migration (AIM) properties of metastatic tumor cells [27]. During
human adult hepatocellular carcinoma, microRNA-26a inhibits proliferation and metastasis of cancer
by regulating DNMT3B-MEGS3 axis [28].

Phosphofructokinase 2 (PFK2) is a bifunctional enzyme with both kinase and phosphatase
activities encoded by four PFK2 isozymes in human: PFKFB1, PFKFB2, PFKFB3, and PFKFB4 [29].
Phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 (PFKFB4) could impact on tumor development
by regulating the flux through the glycolytic and pentose phosphate pathways and ATP synthesis in
the cells during hypoxic response [30,31]. PFKFB4 was shown to be induced by hypoxia in multiple
cancer cell lines and over-expressed in matched human lung, breast and colon tumor tissues relative
to normal tissues from the same patients [32,33]. During adult hepatocellular carcinoma, PFKFB4 is
known to be a metabolic driver of disease progression and chemoresistance through ROS mitigation
[34]. PFKFB4 has been already shown to be implicated in metastatic process during cancer
progression. During breast cancer, hypoxia induced PFKFB4 in tumor microenvironment to shape
metabolic and cellular plasticity with increase of metastatic competence [35]. The Warburg pathway
enzyme PFKFB4 acts as a molecular fulcrum that couples sugar metabolism to transcriptional
activation by stimulating SRC-3 to promote aggressive metastatic tumors [36]. During melanoma,
PFKFB4 is known to activate RAS/AKT pathway to impact on cell migration [37]. PFKFB4 expression
is known to be increased by carbonic anhydrase IX to promote motility of human cervical cancer cells
[38].

To finish, we would like to mention that the identification of DNMT3B and PFKFB4 as predictive
biomarkers for metastasis in hepatoblastoma opens promising avenues for targeted therapeutic
interventions. Given their roles in epigenetic regulation and metabolic pathways, respectively, these
proteins represent potential druggable targets. DNMT3B, an enzyme involved in DNA methylation,
could be targeted with existing DNMT inhibitors like azacitidine or decitabine, which are currently
used in other cancers but not in hepatoblastoma. Similarly, PFKFB4, a key regulator of glycolysis,
could be targeted with glycolysis inhibitors such as 3PO or PFK15, which have shown efficacy in
preclinical models of other cancers. By developing or repurposing drugs that specifically inhibit
DNMT3B and PFKFB4, it may be possible to disrupt the metastatic process and improve treatment
outcomes in hepatoblastoma. Furthermore, the use of combination therapies that address both
epigenetic and metabolic dysregulations could enhance the effectiveness of these treatments and
provide a more comprehensive approach to managing this aggressive cancer.

5. Conclusions

Based on hepatoblastoma metabolic enzyme expression program, we characterized a dual
overexpression of PFKFB4 and DNMT3B in patients’ samples at metastatic risk (High risk CHIC
stratification). With combined tumor expression of DNMT3B and PFKFB4, a meta.score was
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computed and this parameter was confirmed as an independent adverse score to predict metastatic
status during hepatoblastoma.

Supplementary = Materials: Table S1: metabolic-41 signature in hepatoblastoma tumors
(10.6084/m9.figshare.26969347) available at the address:
https://figshare.com/articles/dataset/Table S1 metabolic-

41 signature in hepatoblastoma tumors/26969347?file=49080988 (accessed on 2024, September 9*).
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