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Abstract

Background. Altered branched-chain amino acid (BCAA) metabolism modulates epigenetic modification, such
as H3K27ac in cancer, thus providing a link between metabolic reprogramming and epigenetic change, which are
prominent hallmarks of glioblastoma multiforme (GBM). Here, we identified mitochondrial 3-hydroxymethyl-3-
methylglutaryl-CoA lyase (HMGCL), an enzyme involved in leucine degradation, promoting GBM progression and
glioma stem cell (GSC) maintenance.

Methods. In silico analysis was performed to identify specific molecules involved in multiple processes.
Glioblastoma multiforme cells were infected with knockdown/overexpression lentiviral constructs of HMGCL to
assess malignant performance in vitro and in an orthotopic xenograft model. RNA sequencing was used to identify
potential downstream molecular targets.

Results. HMGCL, as a gene, increased in GBM and was associated with poor survival in patients. Knockdown of
HMGCL suppressed proliferation and invasion in vitro and in vivo. Acetyl-CoA was decreased with HMGCL knock-
down, which led to reduced NFAT1 nuclear accumulation and H3K27ac level. RNA sequencing-based transcriptomic
profiling revealed FOXM1 as a candidate downstream target, and HMGCL-mediated H3K27ac modification in the
FOXM1 promoter induced transcription of the gene. Loss of FOXM1 protein with HMGCL knockdown led to de-
creased nuclear translocation and thus activity of B-catenin, a known oncogene. Finally, JIB-04, a small molecule
confirmed to bind to HMGCL, suppressed GBM tumorigenesis in vitro and in vivo.

Conclusions. Changes in acetyl-CoA levels induced by HMGCL altered H3K27ac modification, which triggers
transcription of FOXM1 and B-catenin nuclear translocation. Targeting HMGCL by JIB-04 inhibited tumor growth,
indicating that mediators of BCAA metabolism may serve as molecular targets for effective GBM treatment.

Key Points
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Importance of the Study

Deciphering the molecular basis of the crosstalk be-
tween metabolic reprogramming and epigenetic ab-
normalities may help to optimize treatment paradigms
and establish new therapeutic options for glioblastoma
multiforme (GBM). This study illustrates a crucial role
for branched-chain amino acid (BCAA) metabolism in
glioma stem cell performance and maintenance, and
GBM progression. An enzyme involved in BCAA metab-
olism, mitochondrial 3-hydroxymethyl-3-methylglutaryl-
CoA lyase (HMGCL), is overexpressed in GBM, and
associated with poor survival in patients, and enhances

Glioblastoma multiforme (GBM) is the most aggressive
central nervous system (CNS) tumor." Although rigorous
multimodal treatment consisting of surgery, radiotherapy,
and chemotherapy is the current standard of care, the prog-
nosis of GBM patients has remained poor over decades.?
Intratumoral heterogeneity as a result of tumor genetics,
epigenetics, and microenvironmental interactions under-
lies GBM malignancy and treatment failure. Glioma stem
cell (GSC) is regarded as the pinnacle of tumor-cellular
hierarchy® and a major factor contributing to recurrence.
Hallmarks of cancers, including deregulation of cellular
metabolism and nonmutational epigenetic reprogram-
ming, promote tumor heterogeneity and development of
GSCs.* Novel therapeutic strategies with a comprehensive
understanding of these characteristics of GBM are neces-
sary to advance treatment of the disease.

Recently, due to the improvement of molecular pathology,
glioma progression has been associated with different
types of epigenetic phenomena, such as histone modifica-
tions.> Chromatin-regulating factors alter modification of
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H3K27ac modification. Enhanced H3K27ac modifica-
tion mediated by HMGCL-induced metabolic changes
promoted expression of an oncogene, FOXMI.
Upregulation of FOXM1 functioned as a transcription
factor for the transcription of oncogenes and a binding
partner causing nuclear translocation of B-catenin.
Targeting HMGCL with the small-molecule inhibitor JIB-
04 led to decreased tumor growth in an orthotopic tumor
model, thus implicating the enzyme as a candidate mol-
ecule for the treatment of GBM.

locations and density of nucleosomes on chromosomes,
and mediate posttranscriptional modification of histones
or incorporation of histone variants within nucleosomes.®’
Special therapeutic strategies have been designed based
on development of epigenetics, which provided a basis for
novel approaches for GBM treatment.>’ For example, his-
tone deacetylation inhibitors (HDACI), such as Vorinostat,
have been introduced into clinical trials for GBM patients
(NCT03426891, NCT03243461). Recent studies have estab-
lished a linkage between metabolism and epigenetics, with
products of metabolic pathways influencing epigenetics
and gene transcription.®® Nutritional supplements and met-
abolic conditions of tumor cells alter expression of genes,
which is induced by communication between the nucleus,
cytoplasm, and mitochondria.'®" For example, fluctuations
in acetyl-CoA affect histone acetylation levels, which influ-
ence transcription of oncogenes in GBM.'? With a better
understanding of this regulatory model, we might modu-
late essential genes more precisely, thus providing new in-
sights into treatment of glioma.



Recent studies have revealed the significance of altered
branched-chain amino acid (BCAA) metabolism in various
human cancers,'" including GBM," lung cancer,'® and so
on. BCAA (valine, leucine, and isoleucine) metabolism has
been confirmed to affect epigenetic modification, such as
H3K27ac' and m6A modification.'® Multiple models have
been developed to clarify the function of altered BCAA metab-
olism in tumor progression, stem cell maintenance, and drug
resistance,' indicating that targeting BCAA metabolism is an
attractive therapeutic approach for managing human cancers.

Mitochondrial 3-hydroxymethyl-3-methylglutaryl-
CoA lyase (HMGCL) is a metabolic enzyme involved
in the last step of leucine degradation.?® HMGCL cata-
lyzes conversion of 3-hydroxymethyl-3-methylglutaryl
Coenzyme A (HMG-CoA) into acetyl-CoA and acetoacetate.
Acetoacetate could be transformed into B-hydroxybutyrate
(B-OHB) by 3-hydroxybutyrate dehydrogenase (BDH1).
Upregulation of HMGCL-induced activation of MEK1/ERK1
axis by acetoacetate, thereby promoting the growth of
BRAF-mutated melanoma.?' B-OHB mediated by HMGCL
could enhance malignancy of pancreatic cancer and inhibit
growth of hepatocellular carcinoma.??23 However, function
of HMGCL-mediated metabolism alteration in GBM and un-
derlying molecular mechanisms have not yet been rigor-
ously investigated.

In this study, we found BCAA degradation was essential
for GSC maintenance and GBM progression, while HMGCL
was overexpressed in GBM. We demonstrated that HMGCL
promoted GSC maintenance and malignant performance
of GBM through metabolic modification of H3K27ac, which
induced transcription of oncogenes, such as the transcrip-
tion factor FOXM1. These changes in HMGCL-mediated
H3K27ac were caused by variations in intracellular acetyl-
CoA concentrations. Furthermore, FOXM1 mediated nu-
clear accumulation of B-catenin, a critical component of
WNT signaling. Finally, we showed that JIB-04, a small-
molecule inhibitor, targeted HMGCL, and thus, provided a
promising candidate molecule for the treatment of GBM.

Materials and Methods

Ethics Statement and Clinical Glioma Tumor
Specimens

Approval for the protocols in the study was granted by the
Ethics Committee of Qilu Hospital of Shandong University
(Jinan, China; approval number: KYLL-2017(KS)-090). This
study was conducted in full adherence to relevant regulations
and guidelines. Human glioma tissue samples were obtained
from surgeries performed on patients at Qilu Hospital. Non-
neoplastic brain tissue samples were obtained from patients
requiring surgery for traumatic brain injury events. All pa-
tients enrolled provided written informed consent.

Data Processing and Bioinformatics Analysis

Expression data and associated clinical data were down-
loaded from GlioVis (http://gliovis.bioinfo.cnio.es/).
Transcriptome data of GSC and DGC, gene sets of metab-
olism processes and mDNAsi were obtained from article
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published.?*26 Signatures of metabolism processes were
based on single-sample gene set enrichment analysis (GSEA).
Single-cell RNA-seq analysis was based on GSE131928.

Tumorsphere Formation Assays

GSCs (1000 cells/mL per well) were seeded in 6-well
ultra-low adhesion plates (Corning Inc.) or general plates
(Corning Inc.) and cultured for 10 days. Inverted phase-
contrast microscopy (Nikon) was used to count and ac-
quire images of the nonadherent tumorspheres.

Statistical Analysis

The relationship between gene expression and mDNAsi
was determined using Pearson correlation analysis. Kaplan-
Meier survival curves were generated and compared
using the log-rank test. Paired or unpaired Student’s t tests
for 2-group comparisons and 1-way analysis of variance
(ANOVA) for multigroup comparisons were performed using
GraphPad Prism 8.0. Data for each group were represented
as the mean standard error of the mean (SD/SEM) and P
values < .05 were considered to be statistically significant.

See Supplementary Methods for additional details on all
methods.

Results

BCAAs Are Essential for GSC Maintenance and
GBM Progression

We performed comparative metabolomic analysis of 40
gene sets?® in a public data set,?* which revealed enrichment
of pathways related to the degradation of BCAAs in GSCs
compared with matched differentiated GBM cells (DGCs)
(Figure 1A; SupplementaryTable ST1). Since BCAA metabo-
lism has been recognized as an alternative source of energy
to drive proliferation, the resultant metabolites have been
considered as factors regulating malignant progression.™
Our results showed that valine, leucine, and isoleucine deg-
radation signatures were higher in the classical molecular
subtype of GBM (Figure 1B). Further analysis demonstrated
that higher expression of these signatures was associated
with specific genetic markers of higher-grade gliomas, in-
cluding EGFR amplification (Figure 1C), wild-type IDH1,
and non-codeleted 1p/19q (Figure 1D and E). These results
demonstrated that increased expression of BCAA degra-
dation pathways was associated with high-grade gliomas.
In addition, high scores were also associated with poorer
prognosis in GBM patients based on the Rembrandt and
Gravendeel databases (Figure 1F). Taken together, BCAA
metabolism emerged as a potential pathway promoting
GSC maintenance and GBM progression.

HMGCL is Overexpressed in GBM With Poor
Prognosis

To identify a specific molecular target for GBM in
BCAA metabolism, we performed survival analysis
(Threshold: P<.001) and multivariate Cox analysis
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Figure 1. Branched-chain amino acid metabolism is essential for glioma stem cell (SC) maintenance and glioblastoma multiforme (GBM) pro-
gression. (A) Single-sample GSEA of metabolic gene sets from the KEGG database in 3 GSCs (MGG4, MGG6, and MGG8) and matched differentiated
GBM cells (DGCs). Each cell line contains 3 replicates from GSE54791. (B) Dot plots comparing valine, leucine, and isoleucine degradation activity
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defined by corresponding gene set signatures in 3 GBM subtypes from Rembrandt and Gravendeel datasets. n indicates the number of biologi-
cally independent samples. Data are shown as the mean + the standard error of the mean (SEM). ***P < .001; **P < .01. Statistical significance
was determined with 1-way ANOVA. (C) Dot plots comparing GBM samples with or without EGFR amplification from the Gravendeel dataset.
nindicates the number of biologically independent samples. Data are shown as the mean =+ the standard error of the mean (SEM). ***P < .001.
Statistical significance was determined with the 2-sided Student's ttest. (D, E) Dot plots comparing all glioma samples with or without (D) IDH1
mutation; (E) 1p/19q codeletion across data sets from GlioVis. nindicates the number of biologically independent samples. Data are shown as the
mean + the standard error of the mean (SEM). ***P < .001; **P < .01. Statistical significance was determined with the 2-sided Student’s t test.
(F) Kaplan—Meier plots of GBM patients grouped by valine, leucine, and isoleucine degradation signatures. (G) Venn plot displaying the valine,
leucine, and isoleucine degradation gene set and independent prognosis-related genes from CGGA. (H) Correlation between HMGCL expression
and mDNAsi score based on TCGA data sets. Statistical significance was determined with the Ftest. (I) gRT-PCR analysis of HMGCL mRNA ex-
pression in 2 noncancer cell lines, 5 GBM cell lines, and 3 primary GBM cell lines. Data are shown as the mean + the standard error of the mean
(SD). ***P < .001; **P < .01; * P < .05. Statistical significance was determined by 1-way ANOVA. (J) Dot plots comparing glioma samples based on
histology from the TCGA data set. nindicates the number of biologically independent samples. Data are shown as the mean + the standard error
of the mean (SEM). ***P < .001; **P < .01. Statistical significance was determined with 1-way ANOVA. (K) Representative images of IHC staining
of HMGCL in non-neoplastic brain (n = 3) and different pathological grades of gliomas (n = 9), and scoring. Scale bar = 100 pm. Data are shown
as the mean + the standard error of the mean (SD). ***P < .001. Statistical significance was determined with 1-way ANOVA. (L) Representative
images of IHC staining for HMIGCL in GBM and adjacent brain tissues from 3 paired samples, and scoring. Scale bar = 100 pm. Data are shown
as the mean = the standard error of the mean (SD). ***P < .001. Statistical significance was determined with the 2-sided Student's ttest. (M) Dot
plots comparing HMGCL expression in GBM samples with or without /DH 7 mutation across data sets from GlioVis. nindicates the number of
biologically independent samples. Data are shown as the mean + the standard error of the mean (SEM). ***P < .001. Statistical significance was
determined with the 2-sided Student’s ¢ test. (N) Dot plots comparing HMGCL expression in GBM samples with or without 1p/19g codeletion
across data sets from GlioVis. nindicates the number of biologically independent samples. Data are shown as the mean + the standard error of
the mean (SEM). ***P < .001. Statistical significance was determined with the 2-sided Student’s ¢ test. (0) Kaplan—Meier plots of GBM patients

based on HMGCL high or low expression in tumors. A log-rank test was used to assess statistical significance.

(Threshold: P<.001) based on the CGGA database as de-
scribed in a previous study?’ (n=1018; Supplementary
Table ST2). The analysis yielded 1784 genes related to
prognosis. The intersection of this data set with the gene
set of the valine, leucine, and isoleucine degradation genes
yielded 2 genes, BCAT1 and HMGCL (Figure 1G). While a
tumor-promoting role for BCAT1 has been confirmed in
GBM, function of HMGCL in GBM remains unknown.Thus,
identifying the function for HMGCL and mediators of its
function mechanism will contribute to a comprehensive
understanding of BCAA metabolism in GBM progression.
The mDNA-expression-based stemness index (mDNAsi)
has been developed to examine the stemness of tumors
as independent marker in TCGA glioma samples.?® Qur
analysis demonstrated that HMGCL expression was pos-
itively correlated with the mDNAsi, further supporting a
linkage with maintaining stemness of GSC (Figure 1H).
Furthermore, HMGCL expression was higher in all GBM
cell lines relative to neural stem cell (NSC) and normal
human astrocytes (NHA), with the highest expression in
primary GBM cell lines GBM#P3 and GBM#BG?7 (Figure 1l).
Therefore, increased HMGCL has a possible role in GSC
maintenance and GBM progression.

The intratumoral expression pattern of HMGCL as-
sessed with single-cell RNA-seq data?® showed HMGCL
was mainly expressed in malignant cells and to a lesser ex-
tent in oligodendrocyte and immune cells (Figure S1A). In
addition, HMGCL expression was higher in GBM than in
other gliomas, including astrocytoma, oligoastrocytoma,
oligodendroglioma, and normal brain tissues, based
on the TCGA data, further confirmed by the Rembrandt
data (Figure 1J and Figure S1B). Increased expression of
HMGCL was also detected in WHO 4 gliomas compared
with lower-grade gliomas (Figure S1C and D).

To confirm that HMGCL protein levels were also in-
creased in GBMs, we performed IHC staining for HMGCL

on an independent cohort of glioma (n=9) and normal
brain tissue samples (n=3). HMGCL protein levels were
consistently higher in GBM compared with LGG and
normal brain tissue samples. HMGCL was also localized
to the cytoplasm (Figure 1K). IHC staining in a single GBM
sample highlights these differences in HMGCL expression
between tumor and adjacent brain (Figure 1L).

We subsequently assessed HMGCL levels based on mo-
lecular classifications of gliomas. Compared with IDH1
mutated molecular subtype, the expression of HMGCL
was higher in IDH1 wild-type molecular subtype, crucial
indicator for GBM according to 2021 WHO classification’
(Figure 1M and Figure S1E). Furthermore, higher expres-
sion of HMGCL was observed in classical and mesen-
chymal GBM, relative to the other molecular subtypes
based on the TCGA Verhaak-2017 molecular classification
of GBM, associated with a poor prognosis (Figure S1F-H).

We next examined possible factors contributing to the
differences in HMGCL expression between different molec-
ular subtypes of gliomas. One critical feature of the HMGCL
gene is that it resides on chromosome 1p36.11. Complete
deletion of 1p/19q codeletion is molecular genetic hallmark
of oligodendrogliomas, a subtype of low-grade glioma.?®
We found that LGGs and GBMs with 1p deletion had signif-
icantly lower HMGCL expression than nondeleted tumors
in the data sets (Figure 1N, Figure S1l and J).Therefore, we
examined the relationship between HMGCL copy number
(CN) and expression. For both LGGs and GBMs, tumors
with HMGCL heterozygous deletion (Hetloss) and homo-
zygous deletion (Homdel) had significantly lower HMGCL
mRNA expression than tumors that were diploid at 1p
(Figure S1K). These results indicated that genetic and epi-
genetic alterations of HMGCL were associated with differ-
ences in HMGCL expression among gliomas.

To determine the clinical significance of high expres-
sion of HMGCL, Kaplan—-Meier analysis was performed on
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Figure 22 HMGCL knockdown inhibits glioblastoma multiforme (GBM) growth and glioma stem cell (GSC) maintenance in vitro and in vivo.
(A) Western blot to detect HMGCL expression in LN229-, GBM#P3, GBM#BG5 and GBM#BG7-shControl, -shHMGCL#1, and -shHMGCL#3 cells
(achieved with lentivirus). (B) CCK-8 assay for cell viability of HMGCL-knockdown/knockout GBM#P3. Shown are means and the SD (n = 3).
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***P < 001. Statistical significance was determined with 2-way ANOVA. (C) EdU of LN229-shControl, -shHMGCL#1, and -shHMGCL#3. Scale
bar = 100 ym. Shown are means and the SD (n = 3). *P < .05. Statistical significance was determined with the 2-sided Student's ttest. (D) Extreme
limiting dilution assays for GBM#P3-shControl, -shHMGCL#1, and -shHMGCL#3 cells to assess sphere formation. ***P < .001; **P < .01. Statistical
significance was determined with pairwise tests. (E) Flow cytometry analysis of propidium iodide (PI) staining for the detection of the percentage
of GBM#P3- and LN229 with transfection of siControl, siHMGCL#1, and siHMGCL#3 cells in different phases of the cell cycle. The percentage
of cells arrested in the G1 phase is analyzed in bar graphs. Shown are means and the SD (n = 3). ***P < .001. Statistical significance was de-
termined with 1-way ANOVA. (F) 3D tumor spheroid invasion assay to assess invasion of GBM#P3-shControl, -shHMGCL#1, and -shHMGCL#3.
Scale bar = 100 pm. Shown are means and the SD (n = 3). **P < .01. Statistical significance was determined with 1-way ANOVA. (G) Model and
representative images of coculture invasion assays for GBM#P3-shControl, -shHMGCL#1, and -shHMGCL#3 cells. Scale bar = 100 pm. Shown
are means and the SD (n = 3). **P < .01; *P < .05. Statistical significance was determined with 1-way ANOVA. (H, I) Bioluminescence images and
the corresponding quantification of tumors in mice implanted with GBM#P3- and LN229-shControl, -shHMGCL#1 and -shHMGCL#3 cells at week
1(n =5 per group), week 3 (for GBM#P3; n =5 per group), and week 4 (for LN229; n = 4 per group). Shown are means and the SD. ***P < .001.
Statistical significance was determined with 1-way ANOVA. (J) Kaplan—Meier survival curve of tumor-bearing mice implanted with GBM#P3-
and LN229-shControl, -shHMGCL#1 and -shHMGCL#3 cells (n =5 per group). A log-rank test was used to assess statistical significance. (K)

Representative H&E staining and IHC for HMGCL and Ki-67 of orthotopic tumors derived from GBM#P3 cells. Scale bar = 100 pm.

survival of patients from databases. GBM patients with
high HMGCL mRNA levels (based on best cutoff values)
exhibited significantly better overall survival in all data
sets (Figure 10 and Figure S1L-0).

Finally, univariate and multivariate COX analysis of
HMGCL revealed expression of HMGCL as an inde-
pendent prognostic indicator in glioma (Figure S1P and Q).
Collectively, these results emphasized potentially prog-
nostic relevance of HMGCL expression in GBM.

HMGCL Knockdown Inhibits GBM Growth and
GSC Maintenance in Vitro and in Vivo

Next, we examined the role of HMGCL in the develop-
ment of GBM in vitro. We knocked down HMGCL in the
high-expressing cell lines LN229 and U251, and GSC line
GBM#P3, GBM#BG5, and GBM#BG7 with lentiviral infec-
tion to generate cell populations stably expressing shRNAs
(shControl, shHMGCL#1, and shHMGCL#3; Figure 2A;
Figure S2A and B). HMGCL knockout cell lines were con-
structed by CRISPR/Cas9 (Figure S2C). GBM cell lines and
GSCs expressing HMGCL-shRNAs showed reduced cell via-
bility relative to controls (Figure 2B and Figure S2D). A sim-
ilar tendency showed in HMGCL knockout cell lines (Figure
2B and Figure S2E). In contrast, knockdown of HMGCL did
not alter cell viability of NHA (Figure S2F). Loss of HMGCL
also led to reduced proliferation of LN229 and U251 cells in
EdU assay (Figure 2C and Figure S2G). Furthermore, silen-
cing HMGCL attenuated colony formation (Figure S2H and
1) and self-renewal in GSCs (Figure 2D and Figure S2J-L),
which was further confirmed in HMGCL knockout GBM#P3
(Figure S2M). Finally, flow cytometry demonstrated that the
percentage of GBM#P3 and LN229 cells with transfection of
siHMGCL in G1 phase increased. Therefore, loss of HMIGCL
may cause decreased cell proliferation by inducing cell cycle
arrest in G1 (Figure 2E and Figure S2N).

We next assessed invasiveness of GBM cell lines in 3 in
vitro assays. In Transwell assays, invasive ability was de-
creased in LN229- and U251-shHMGCL-1/-3 cells relative
to controls (Figure S3A and B). In the 3D spheroid inva-
sion assay, the proportion of spheres invading the Matrigel
decreased ~30% relative to controls, also confirmed by
HMGCL knockout cells (Figure 2F and Figure S3C and D).

Finally, we used the coculture invasion model of tumor
spheroids with healthy rat brain organoids as previously de-
scribed to more accurately mimic the physiologically inva-
sive tumor microenvironment.3> GBM#P3-shHMGCL tumor
spheres were less invasive into the rat brain organoids
compared with control cell populations (Figure 2G).

To examine the effects of HMGCL loss on GBM growth
in vivo, HMGCL-knockdown GBM#P3 and LN229 were im-
planted into mouse brains (4-week-old nude mice) to
generate orthotopic xenografts. Tumor growth of P3- and
LN229-shHMGCL-derived orthotopic xenografts was de-
creased relative to controls at weeks 3 and 4, respectively,
while overall survival of tumor-bearing mice was increased
(Figure 2H-J). IHC staining for the proliferation marker Ki-67
was reduced in P3-shHMGCL tumors, which was consistent
with the inhibited tumor growth (Figure 2K and Figure S3E).

Taken together, the inhibition of HMGCL suppressed
glioma proliferation in vitro and in vivo and self-renewal
properties of GSC.

HMGCL-Mediated Alterations in Metabolism
Cause Changes in Histone Acetylation
Modification

As a rate-limiting enzyme in leucine metabolism and ke-
tone body metabolism, HMGCL converts HMG-CoA
into acetyl-CoA and acetoacetate. Acetoacetate is then
converted into B-OHB by BDH1 or acetoacetyl-CoA by
3-oxoacid CoA-transferase 1 (OXCT1), and acetoacetyl-
CoA is subsequently converted into acetyl-CoA by acetyl-
CoA acetyltransferase 1 (ACAT1)3" (Figure 3A). A previous
study showed that production of B-OHB mediates HMGCL-
induced tumorigenesis.?? To determine the metabolite
pathway underlying HMGCL-mediated metabolic change
in GBM, we firstly investigated the expression of BDH1,
OXAT1, and ACAT1.The expression of ACAT1 was higher in
GBM than normal brain samples, while expression of BDH1
and OXCT1 was decreased, indicating that conversion from
acetoacetate to B-OHB might be blocked (Figure 3B). We
therefore examined levels of the relevant metabolites in
GBM cells with HMGCL knockdown. Knockdown of HMGCL
led to a decrease in intracellular acetyl-CoA, but not 3-OHB
or acetoacetate (Figure 3C).
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Figure3. HMGCL-mediated alterations in metabolism caused histone acetylation modification change. (A) Schematic representation of HMGCL-
mediated metabolic alteration. (B) BDH1, ACAT1, and OXCT1 expression levels in tumors and normal brain tissues from the TCGA data set.
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Shown are means and the SEM. ***P < .001; **P < .01. Statistical significance was determined with the 2-sided Student’s ttest. (C) Quantification
of acetyl-CoA, B-OHB, and acetoacetate levels in GBM#P3-shControl, -shHMGCL#1, and -shHMGCL#3. Shown are means and the SD (n = 3).
**¥P < .001; *P < .05. Statistical significance was determined with 1-way ANOVA. (D) Western blot analysis to confirm NFAT1 subcellular location
in LN229- and GBM#P3-shControl, -shHMGCL#1 and -shHMGCL#3. (E) Western blot analysis of H3K27ac modification of LN229- and GBM#P3-
shControl, -shHMGCL#1 and -shHMGCL#3. (F) Western blot analysis of H3K27ac modification in LN229-shControl, -shHMGCL#1, and -shHMGCL#3
treated with or without TSA. (G) Western blot analysis of H3K27ac modification in LN229- and U251-shControl, -shHMGCL#1 and -shHMGCL#3
treated with variable concentrations of glucose. (H) Western blot analysis of H3K27ac modification in GBM#P3-, LN229- and U251-shControl,

-shHMGCL#1 and -shHMGCL#3 treated with or without acetate.

As one of the main products of leucine degradation,
acetyl-CoA functions not only as an intermediate metabolite
for biosynthesis and catabolism processes, but also as a pri-
mary factor contributing to epigenetic modification, which
is essential for GBM progression.’®32 Histone acetylation
promotes gene expression, which is potentially regulated
by various metabolic activities and metabolic products.3334
Acetyl-CoA has been proposed to function as a donor in
histone acetylation modification.®® Indeed, intracellular
acetyl-CoA abundance enhanced the global levels of histone
acetylation and the expression of various genes linked to cell
adhesion and migration.'?3® Moreover, acetyl-CoA-mediated
nuclear factor of activatedT-cells (NFAT1) activation has been
shown to contribute to site-specific modulation of histone
acetylation, such as H3K27ac."? In LN229 and GBM#P3 cells,
we found that nuclear accumulation of NFAT1 was inhibited
after knockdown of HMGCL (Figure 3D and Figure S4A and
B). Both glucose and acetate have been shown to serve as
substrates for acetyl-CoA production.3?3637 Treatment with
glucose and acetate could rescue nuclear NFAT1 level and
showed no effect on total NFAT1 level, which supported our
conclusion (Figure S4C-F). Overexpression of NFAT1 could
also rescue inhibitory phenotypes of HMGCL knockdown
cells (Figure S4G-l).

We therefore examined acetylation levels in histone 3 ly-
sine 27 (H3K27) loci. Knockdown of HMGCL led to reduced
levels of H3K27ac in LN229 and GBM#P3 cells (Figure 3E).
We therefore treated cells with an inhibitor of histone
deacetylase (HDAC), TSA.TSA rescued decreased H3K27ac
levels in LN229 and GBM#P3 cells with loss of HMGCL
(Figure 3F).

To further investigate whether HMGCL promoted acetyl-
CoA-induced H3K27ac, we adjusted concentration of glu-
cose and acetate in medium and examined the H3K27ac
levels. In these experiments, elevated concentrations of
glucose and acetate rescued decreased H3K27ac levels.
Supplements with glucose and acetate could also rescue
the inhibitory growth, self-renewal, and invasion with
HMGCL knockdown (Figure 3G and H and Figure S5A-G).

Taken together, HMGCL-mediated elevation of acetyl-
CoA promoted increased H3K27ac levels.

HMGCL Promotes FOXM1 Expression and
Regulates Cell Cycle Gene Expression

To further investigate the inhibiting effects of silen-
cing HMGCL on cell proliferation and tumor growth,
we performed transcriptome sequencing on U251-
shHMGCL#3 and control to identify downstream targets

potentially regulated by HMGCL-induced H3K27ac mod-
ification (Figure S6A). Analysis yielded a set of signifi-
cant differentially expressed genes (P<.05 and |log2FC|
> 0.6). A heatmap was generated for the portion of genes
downregulated in knockdown cells relative to controls
(P< .05 and log2FC > 0.6) (Figure 4A). We performed gene
ontology (GO) enrichment analysis on differentially ex-
pressed genes (P < .05) with Metascape (https://metascape.
org/) to identify putative pathways altered by HMGCL
expression. GO analysis indicated that differentially ex-
pressed genes were closely related to biological processes
involved in regulation of the cell cycle process and the mi-
totic cell cycle (Figure 4B).

To investigate key targets of HMGCL-mediated cell cycle
changes, we considered intersection of significant differen-
tially expressed genes (P< .05 and [log2FC| > 0.6), “regu-
lation of cell cycle process,” “mitotic cell cycle” gene sets,
and independent prognostic genes from CGGA data sets
(Supplementary Table ST2 and Figure S6B). This analysis
yielded FOXM1 and CASP2 as candidate gene targets for
HMGCL-mediated cell cycle alterations (Figure 4C). As a
transcription factor, Forkhead box protein M1 (FOXM1)
exhibits a crucial role in the self-renewal and proliferation
of stem cells, which also plays a role in the cell cycle reg-
ulation.®84" FOXM1 could regulate the expression of Wnt
target genes by interaction with B-catenin in malignant
gliomas and drive the ADAM17/EGFR activation loop to
promote its mesenchymal transition.4"42 In silico analysis
showed that high expression of FOXM1 in GBM and LGG
compared to normal samples, which indicated a poor prog-
nosis (Figure S6C and D). Expression of FOXM1 was also
higher in GSC than DGC (Figure S6E). Validation based on
ChlP-seq data showed that H3K27ac peaks (marker of ac-
tive promoters) within the promoter region of FOXM1 were
higher in GSCs and primary GBM samples than in DGCs
(Figure S6F), indicating that high expression of FOXM1 in
GSCs may be induced by higher H3K27ac levels. However,
CASP2 has not been previously associated with glioma
progression. Our results that HMGCL knockdown cell lines
showed no significant alteration of CASP2 confirmed this
observation (Figure S6G). The above data supported the
hypothesis that FOXM1 functioned as a key HMGCL down-
stream target involved in cell cycle regulation and glioma
tumorigenesis.

Confirmation using qPCR analysis exhibited that mRNA
expression of FOXM1 was markedly reduced by HMGCL
disruption in GBM#P3, LN229, and U251 cells (Figure 4D).
Western blot analysis also confirmed that knockdown and
knockout of HMGCL resulted in a reduction in FOXM1
protein levels (Figure 4E and Figure S7A). Finally, IHC

661
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Figure 4. HMGCL promotes FOXM 1 expression and regulates cell cycle gene expression. (A) Heatmap of differentially expressed transcripts
in RNA-seq data from U251 cells infected with shControl and shHMGCL-3 lentivirus. Gene expression data were mean z-transformed for display
and colored red for high expression and blue for low expression. (B) GO enrichment analysis of differentially expressed genes based on RNA-
seq data with Pvalues. (C) Venn plot displaying the intersection of significantly downregulated mRNAs from the sequencing data, independent
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prognosis-related genes, and specific gene sets. (D) gRT-PCR analysis of FOXM1 in GBM#P3-, LN229- and U251-shControl, -shHMGCL#1 and
-shHMGCL#3. ACTB was used as an internal control. Shown are means and the SD (n = 3). ***P < .001; **P < .01. Statistical significance was
determined with 1-way ANOVA. (E) Western blot of FOXM1 in HMGCL knockdown/knockout GBM#P3. (F,G) gPCR analysis of FOXM1 downstream
targets in LN229-shControl, -shHMGCL#1 and -shHMGCL#3 cells. Shown are means and the SD (n = 3). ***P < .001; **P < .01; *P < .05. Statistical
significance was determined with 1-way ANOVA. (H,l) gPCR analysis of ChIP assays with the H3K27ac antibody or IgG GBM#P3- and LN229-
shControl, -shHMGCL#1 and -shHMGCL#3. PCR primers amplified a fragment flanking the H3K27ac modified regions of FOXM1 gene locus.
Shown are means and the SD (n = 3). ***P < .001; **P < .01. Statistical significance was determined with 1-way ANOVA. (J) Western blot anal-
ysis of FOXM1 in LN229-shControl and -shHMGCL#3 LN229 treated with variable concentrations of glucose. (K) Western blot analysis of FOXM1
in LN229- and GBM#P3-shControl and -shHMGCL#3 treated with or without acetate. (L) CCK-8 assay for cell viability of LN229 -shControl and
-shHMGCL#3 transfected with FOXM1-0E and empty vector. Shown are means and the SD (n = 3). ***P < .001; *P < .05. Statistical significance

was determined with 2-way ANOVA.

staining of sections showed that FOXM1 protein levels
were decreased in GBM#P3-shHMGCL#1- and GBM#P3-
shHMGCL#3-derived xenografts compared with control
samples (Figure S7B).

Analysis based on X2K Web (https:/maayanlab.cloud/
X2K/) revealed FOXM1 as a crucial transcription factor that
induced transcription of other genes (Figure S7C). qPCR
analysis demonstrated that knockdown of HMGCL de-
creased expression levels of FOXM1 transcriptional targets
predicted by X2K (Figure 4F) as well as previously reported
downstream genes® (Figure S7D). CCNA2, CALM2, and
CCNB2have been confirmed to be involved in the cell cycle,
while ASPM, CENPF, PRC1, AURKB, TOP2A, and UBE2C
have been shown to be involved in mitosis. Disruption of
HMGCL increased the expression of p27 and p27, which
are negatively regulated by FOXM1 (Figure 4G). This result
indicated that reducing FOXM1 levels by HMGCL knock-
down prohibited expression of cell cycle genes, consistent
with cell cycle arrest.

In addition to transcriptional regulation, HMGCL may
influence FOXM1 protein levels through posttranslational
mechanisms. To determine whether HMGCL influenced
FOXM1 protein stability, we treated HMGCL-knockdown
cells with cycloheximide (CHX) (Figure S7E). The results
showed that loss of HMGCL did not change the stability of
FOXM1 protein.

Taken together, our results showed that FOXM1 was in-
volved in regulating HMGCL-mediated cell cycle events in
GBM cell lines.

HMGCL Promotes FOXM1 Expression Through
Promoter Acetylation

To determine molecular mechanism underlying HMGCL-
induced expression of FOXM1, we examined promoter
region of FOXM1 through the UCSC genome database
(http://www.genome.ucsc.edu/) for putative H3K27ac
marks. Several H3K27ac marks were found in promoter
region of FOXM1 indicating possible transcriptional reg-
ulation of the gene dependent on H3K27ac modification.
Thus, transcription of FOXM1 might be regulated in part by
HMGCL-mediated H3K27ac modification (Figure S8A).

To validate this hypothesis, we performed chro-
matin immunoprecipitation (ChIP) on lysates prepared
from HMGCL-knockdown cells. Primers were designed
based on H3K27ac modification region of FOXM1 pro-
moter. Lower levels of FOXM1 fragments were captured
by H3K27ac antibody-agarose complex in lysates from

HMGCL-knockdown cells compared with controls. Binding
of H3K27ac to the promoter region of FOXM1 was atten-
uated after HMGCL silencing, demonstrating that HMGCL-
regulated H3K27ac alteration influenced transcription of
FOXM1 (Figure 4H and I).

We next adjusted concentration of glucose and acetate in
medium to determine whether either of these metabolites
rescued H3K27ac modification levels and thus FOXM1 ex-
pression. FOXM1 protein levels were rescued with higher
concentrations of glucose (Figure 4J) or acetate (Figure
4K). Knockout of HMGCL inhibited H3K27ac modification
and FOXM1 expression (Figure S8B). Further confirma-
tion in GBM#BG5 and GBM#BG7 showed similar tendency
(Figure S8C). The results further confirmed that alterations
in FOXM1 expression regulated by HMGCL were caused
through changes in H3K27ac levels.

Notably, overexpression of FOXM1 promoted tumor
growth in LN229 or GBM#P3-shHMGCL#1/#3 cells. The re-
sult further confirmed a role for the HMGCL/FOXM1 axis in
glioma growth (Figure 4L and Figure S8D).

To further support that these results were dependent on
functional HMGCL, we transfected LN229 and GBM#P3
cells with a construct expressing an HMGCL mutant,
HMGCL K48N. While overexpression of wild-type HMGCL
increased H3K27ac and FOXM1 levels, overexpression
of HMGCL K48N did not lead to changes in their protein
levels (Figure S8E). However, overexpression of HMGCL
weakly promoted or inhibited cell proliferation compared
with negative control group and HMGCL K48N group
(Figure S8F). The high expression of HMGCL in these
GBM and GSC cell lines may accounted for this phenom-
enon (Figure 11). Further confirmation by overexpressing
HMGCL in HMGCLknockdown cells showed rescue ef-
fect on inhibitory acetyl-CoA level, H3K27ac modification,
FOXM1 expression, and GBM malignancies (Figure S9A-
F). Overexpression of NFAT1 could also rescue inhibitory
H3K27ac levels and FOXM1 level of HMGCL knockdown
cells (Figure S9G).

In summary, these results indicated that HMGCL pro-
motes transcription of FOXM1 by enhancing H3K27ac
modification.

HMGCL/FOXMT1 Axis Promotes Nuclear
Accumulation of $-Catenin

A key step in canonical Wnt signaling activation is nuclear
translocation of B-catenin, which has been shown to be
facilitated by its interaction with FOXM1 in glioma.*' We
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Figure 5. HMGCL/FOXM1 axis promotes nuclear accumulation of B-catenin. (A) Western blot for cytoplasmic and nuclear levels of FOXM1
and p-catenin in GBM#P3- and LN229-shControl, -shHMGCL#1 and -shHMGCL#3. The cells were treated with 20 ng/mL WNT3a for 60 minutes.
(B) Double IF staining for FOXM1, B-catenin and DAPI in LN229-shControl, -shHMGCL#1 and -shHMGCL#3. The cells were treated with 20 ng/mL
WNT3a for 60 minutes. Scale bar = 25 pm. (C) Western blot for cytoplasmic and nuclear levels of B-catenin with or without NFAT1 overexpression
in GBM#P3-shControl and -shHMGCL#3 under treatment of 20 ng/mL WNT3a for 60 minutes. (D) gRT-PCR analysis of CCND1, AXIN2 and
MYC in LN229- and GBM#P3-shControl, -shHMGCL#1 and -shHMGCL#3. Shown are means and the SD (n = 3). ***P < .001; *P < .05; ns: P > .05.

Statistical significance was determined with 1-way ANOVA.

therefore first asked whether HMGCL knockdown altered
translocation of 3-catenin by examining nuclear and cy-
toplasmic extracts prepared from HMGCL-knockdown
cells and controls. Nuclear translocation of FOXM1 and
B-catenin was attenuated after HMGCL silencing treated
with WNT3a (Figure 5A). Immunofluorescence (IF)
staining for 3-catenin also showed a similar tendency for
decreased nuclear translocation in HMGCL-knockdown
cells (Figure 5B, Figure S10A and B). However, the
mRNA levels of CTNNB1 were not affected by HMGCL
knockdown (Figure S10C). These results indicated that
HMGCL influenced B-catenin expression at protein level.

Increased nuclear B-catenin levels rescued by NFAT1
overexpression were confirmed in HMGCL knockdown
cells (Figure 5C). Therefore, changes in FOXM1 expres-
sion mediated by HMGCL caused nuclear accumulation
of B-catenin.

We next investigated expression levels of downstream
targets of B-catenin with HMGCL knockdown. Downstream
targets of B-catenin, including CCND1, AXIN2, and MYC,
were all decreased in HMGCL-knockdown cells relative to
controls. This result further demonstrated that transcrip-
tional functions of B-catenin were inhibited in cells with
HMGCL knockdown (Figure 5D).
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In summary, the HMGCL/FOXM1 axis promoted nuclear
accumulation of B-catenin, which is an essential protein in-
volved in proliferation and invasion of GBM.

JIB-04 Interferes With the HMGCL/FOXM1
Axis and Is a Potential Molecular Agent for the
Treatment of GBM

We next screened for potential drugs targeting HMGCL.The
small molecule JIB-04 has been recognized as an inhibitor
of histone demethylases (mainly KDM5A and KDM6B).4
Previous work showed that JIB-04 was readily detectable
in the brain of healthy mice with an intact BBB, which also
induced cell cycle arrest and inhibition of cancer stem-like
cell properties in hepatocellular carcinoma cells.*®* We
therefore investigated whether JIB-04 inhibited the func-
tion of HMGCL in GBM cells.

Analysis performed with Autodock predicted that JIB-
04 bound to HMGCL (Figure 6A and Figure S11A). Surface
plasma resonance (SPR) exhibited a direct interaction be-
tween JIB-04 and HMGCL protein (Figure 6B). The result
demonstrated that these 2 molecules interacted directly
with each other.

To investigate the function of JIB-04 in GBM cell lines,
we first determined the IC50 of JIB-04 for LN229 (0.1735
uM), U251 (0.2100 uM), NHA (6.552 pM), GBM#P3 (1.534
uM), GBM#BG5 (1.529 uM), and GBM#BG7 (1.930 uM)
(Figure 6C). H3K27ac and FOXM1 levels gradually de-
creased with increasing JIB-04 concentration (Figure 6D
and Figure S11B). Finally, histone methylation levels, es-
pecially for H3K4me3 and H3K27me3, showed no signifi-
cant change when treated with the same doses of JIB-04
(Figure S11C).

Treatment with different concentrations of JIB-04 in-
hibited proliferation of LN229 and GBM#P3 cell lines, and
inhibition of proliferation was JIB-04 dose-dependent
(Figure 6E). Also, JIB-04 significantly reduced colony for-
mation and self-renewal ability (Figure 6F-G and Figure
S11D-H).

We also tested whether JIB-04 interfered with GBM cell
invasion. In 3D invasion assays, JIB-04 significantly de-
creased invasion of GBM#P3 cells (Figure 6H). JIB-04 also
reduced invasion of GBM#P3 and U251 cells into the rat
brain organoids in the coculture invasion model (Figure 6l
and Figure S111).

Inhibitory effect of JIB-04 was also confirmed in vivo.
GBM#P3 cells were orthotopically implanted in specific
pathogen-free mice (4-week-old nude mice) and animals
were injected i.p. with JIB-04 3 times each week. Tumor
growth under treatment with JIB-04 was reduced com-
pared with control (Figure 6J).The survival of GBM#P3 and
LN229 tumor-bearing mice was also prolonged under JIB-
04 treatment (Figure 6K). IHC staining for Ki-67 and FOXM1
were reduced in GBM#P3 tumors from animals treated
with JIB-04 (Figure 6L and Figure S11J).

Toxicity of JIB-04 in normal tissues was evaluated in vitro
and in vivo. Apoptotic ratio of NHA showed no significant
alteration following GSC-treated doses of JIB-04 treatment
(Figure S12A). Rat brain organoids treated with GSC-
treated doses of JIB-04 showed no significant increase
in the ratio of dead cells (Figure S12B). Histological
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evaluation of major organs in JIB-04-treated mice showed
no abnormalities except for increased liver weights and
liver vacuoles, which is consistent with research before*®
(Figure S12C).

Taken together, we demonstrated that JIB-04 interferes
with the HMGCL/FOXM1 axis to inhibit GSC self-renewal
and GBM progression.

Discussion

The importance and necessity of BCAA metabolic repro-
gramming in several types of human malignancies, in-
cluding GBM, have recently been highlighted.*” Despite
their direct involvement in metabolic reprogramming pro-
cesses, amino acids and their derivatives are also important
for mediating epigenetic regulation.' In this present study,
bioinformatic analysis showed that BCAA degradation
was essential for GSC maintenance and GBM progression.
Then HMGCL, a prognosis-related gene, was identified and
investigated. HMGCL expression was found to be associ-
ated with WHO grade and malignant clinicopathological
features of gliomas, whose elevated expression indicated
a poor prognosis and functioned as an independent prog-
nostic indicator. We used HMGCL knockdown as an innova-
tive metabolic synthetic lethal approach to treat GBM and
found that loss of HMGCL interfered with H3K27ac mod-
ification and decreased expression of FOXM1, which led
to inactivation of B-catenin, a known oncogene in cancer
development. Finally, targeting HMGCL with JIB-04 sup-
pressed proliferation of tumor cells in vitro and in vivo.
These results suggested that therapies targeting molecules
in BCAA pathway may be developed for treatment of GBM.

In functional assays, we found that silencing of HMGCL
suppressed GBM proliferation both in vitro and in vivo.
HMGCL-mediated conversion from HMG-CoA to acetyl-
CoA and acetoacetate. Previous studies showed that
acetyl-CoA, partly generated from BCAAs, was required
for histone acetylation processes that promote gene ex-
pression and cancer progression.®? Acetyl-CoA has been
shown to promote the upregulation of cell migration-
related genes in GBM by controlling Ca2*-NFAT signaling,
which contributed to H3K27ac.'? Our results also dem-
onstrated that silencing HMGCL led to decreased acetyl-
CoA levels and then promoted nuclear accumulation of
NFAT1. Furthermore, acetylation levels at H3K27 might be
regulated by silencing HMGCL, due to decreasing acetyl-
CoA levels. However, since HMG-CoA is an important in-
termediate molecule located at the crossroads of leucine
degradation and cholesterol biosynthesis mediated by
HMGCR,* the level of cholesterol should also be inves-
tigated after interfering HMGCL. Acetyl-CoA, generated
during leucine breakdown, is also utilized as a source for
fueling TCA cycle for energy production. However, studies
have revealed that there is no integration of BCAA carbon
flow into TCA cycle intermediates in cancer cells.” Is this
because current metabolic detection technologies have
technical limitations? This pathway of metabolic intermedi-
ates must be investigated further in cancer cells. Since
HMGCL is located at crossroads of ketone body production
and BCAA degradation, deciphering its function should
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Figure 6. JIB-04 interferes with the HMGCL/FOXMT1 axis and is a potential molecular agent for the treatment of Glioblastoma multiforme (GBM).
(A) Surface mapping of JIB-04 (PubChem CID: 5825881) inside active site of HMGCL (PDB ID: 2C\W6) with Autodock. (B) SPR assay showing
global interaction of JIB-04 with HMIGCL. Red line represents the raw data; and blue line is represents the line of best fit. (C) CCK-8 assay for rel-
ative cell viability of LN229, U251, NHA, GBM#P3, GBM#BG5 and GBM#BG7 treated with different concentrations of JIB-04 (n = 3) to generate
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dose-inhibition curves and calculate IC50s. (D) Western blot to detect H3K27ac modification and FOXM1 in LN229 and GBM#P3 after treatment
with different doses of JIB-04 and DMSO (vehicle control). (E) CCK-8 assay for relative cell viability of LN229 and GBM#P3 treated with JIB-04.
Cell viability of the DMSO group was used for normalization. Shown are means and the SD (n = 3). ***P < .001. Statistical significance was deter-
mined with 2-way ANOVA. (F) Representative images of tumorsphere formation assays for GBM#P3 cells treated with JIB-04. Scale bar = 100 pm.
(G) Extreme limiting dilution assays for GBM#P3 cells treated with JIB-04. Data are presented as the mean + the SEM of 3 independent experi-
ments. Statistical significance was determined with pairwise tests. (H) 3D tumor spheroid invasion assay to assess invasion of GBM#P3 treated
with JIB-04. Scale bar = 100 ym. Shown are means and SD (n = 3). ***P < .001. Statistical significance was determined with 1-way ANOVA. (1)
Model and representative images of coculture invasion assays for GBM#P3 treated with JIB-04. Scale bar = 100 ym. Shown are means and the
SD (n =3). **P< .01; *P< .05. Statistical significance was determined by 1-way ANOVA. (J) Bioluminescence images and the corresponding
quantification of tumor volume in mice implanted with GBM#P3 and LN229 cells at day 7 (n = 5 per group), day 21 (for GBM#P3; n = 4 per group)
and day 21 (for LN229; n = 5 per group). Shown are means and SD. ***P < .001; * P < .05. Statistical significance was determined with the 2-sided
Student'’s ttest. (K) Kaplan—Meier survival curve of GBM#P3 and LN220 tumor-bearing mice treated with JIB-04. (L) Representative images of IHC
for HMGCL, FOXM1, and Ki-67 in the xenografts derived from GBM#P3. Scale bar = 100 ym.

be discussed in the light of metabolic and microenviron-  findings provide a novel therapeutic strategy for the treat-
mental alterations. Alterations of metabolic processes and  ment of GBM patients.
downstream targets brought by HMGCL are different in di-
verse tumor types. More researches are needed in order to
get a comprehensive overview over its functions.

Previously recognized as a master regulator of the cell Supplementary Material
cycle, FOXM1 has multifaceted oncogenic potential as it is
involved in invasion, self-renewal, and drug resistance.*® Supplementary material is available online at Neuro-
Our experiments showed that alteration of H3K27ac in-  Oncology (https://academic.oup.com/neuro-oncology).
duced by HMGCL promotes transcriptional of FOXM1.The
influence of H3K27ac on expression of FOXM1 was further
confirmed in ChIP assays. However, with the development
of epigenetics, posttranscriptional and posttranslational Keywords
modifications have been identified that underlie the malig-
nant transformation of normal cells into GBM. Acetylation
of FOXM1 has been shown to influence its DNA binding
affinity, protein stability, and phosphorylation sensitivity.%°
However, in our experiments, HMGCL knockdown failed to
alter the stability of FOXM1 protein. With the development
of research on protein and RNA acetylation modification, a Funding

comprehensive understanding of the epigenetic landscape ) ) )
of FOXM1 can be achieved. This work was supported by the Natural Science Foundation of

JIB-04 was traditionally considered as a demethylation China (82103277), the Department of Science and Technology of
inhibitor and shown to inhibit the proliferation of Shandong Province (SYS202202, ZR2019ZD33, 2020CXGC010903,

FOXM1 | glioblastoma | histone acetylation | HMGCL | met-
abolic regulation

temozolomide-resistant GBM cells.* Analysis per- ZR2021QH030, and ZR2019PH042), the Research Project of
formed with AutoDock predicted that JIB-04 interacted Jinan Microecological Biomedicine Shandong Laboratory
directly with HMGCL, confirmed by SPR. JIB-04 exerted (JNL-ZOZZOOSA, JNL-ZOZZOMC, and JNL-2022042C), the Clinical
an anticancer activity in GBM cells in vitro and in vivo. Research Center of Shandong University (2020SDUCRCBO002),
Also, it suppressed GBM through inhibition of H3K27ac the Shandong Excellent Young Scientists Fund Program
and expression of FOXM1. Furthermore, at these con- (2022HWYQ-035), the Special Foundation for Taishan Young
centrations, the methylation levels did not significantly Scholars (tsqn202211041), and the Qilu Young Scholar Program
change. Since HMGCL showed direct interaction with of Shandong University, China.

HMGCL and inhibit H3K27ac modification under suitable
doses without methylation alteration, we consider it as a
new mechanism, which is not in conflict with its classical
effects. Analysis based on multiple targets contribute to Conflict of Interest Statement
its clinical use. However, specific mechanisms underlying

the influence of JIB-04 on HMGCL function require further None declared.

investigation.

In conclusion, our results demonstrated that HMGCL-
mediated metabolic alteration and regulated H3K27 acet-
ylation to promote FOXM1 expression. Knockdown of
HMGCL inhibited FOXM1 expression levels and therefore
its transcriptional activity as well as B-catenin nuclear ac-
cumulation. Moreover, JIB-04 exhibited anticancer activity
in GBM cells by targeting the HMGCL/FOXM1 axis. These
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