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Abstract

Background. Alterations in transcriptional regulators of glycolytic metabolism have been implicated in brain tumor
growth, but the underlying molecular mechanisms remain poorly understood.

Methods. Knockdown and overexpression cells were used to explore the functional roles of HOXA3 in cell prolif-
eration, tumor formation, and aerobic glycolysis. Chromatin immunoprecipitation, luciferase assays, and western
blotting were performed to verify the regulation of HK2 and PKM2 by HOXAS3. PLA, Immunoprecipitation, and GST-
pull-down assays were used to examine the interaction of HOXA3 and KDM6A.

Results. We report that transcription factor homeobox A3 (HOXA3), which is aberrantly highly expressed in glio-
blastoma (GBM) patients and predicts poor prognosis, transcriptionally activates aerobic glycolysis, leading to a
significant acceleration in cell proliferation and tumor growth. Mechanically, we identified KDMB6A, a lysine-specific
demethylase, as an important cooperator of HOXA3 in regulating aerobic glycolysis. HOXA3 activates KDM6A
transcription and recruits KDM6A to genomic binding sites of glycolytic genes, targeting glycolytic genes for tran-
scriptional activation by removing the suppressive histone modification H3K27 trimethylation. Further evidence
demonstrates that HOXA3 requires KDM6A for transcriptional activation of aerobic glycolysis and brain tumor
growth.

Conclusions. Our findings provide a novel molecular mechanism linking HOXA3-mediated transactivation and
KDM6A-coupled H3K27 demethylation in regulating glucose metabolism and GBM progression.

Key Points

HOX proteins are a family of highly conserved transcription  homeostasis." HOX genes are also associated with genetic sus-
factors, including HOXA, HOXB, HOXC, and HOXD, which ceptibility in many types of cancer, but there are few studies on
play important roles in embryonic development and tissue the role of HOXA3 in cancer development.? HOX genes promote
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Importance of the Study

The study demonstrates that HOXA3 has a central
role in transcriptional activation of aerobic glycolysis
that links with KDMB6A-coupled H3K27 demethylation,
providing evidence for the cooperation of HOXA3 and

cancer development mainly through their transcriptional
regulation of downstream target genes and are involved in
the regulation of tumor angiogenesis, autophagy, differenti-
ation, apoptosis, proliferation, and metastasis.>® In Recent
years, there has been increasing evidence that HOX proteins
are also key regulators of aberrant glycolysis in the meta-
bolic reprogramming of tumor cells. HOXA9 can act as an
antitumor factor by downregulating the HIF-1a gene, which
activates a series of glycolytic genes (e.g., Gluts, LHDA,
HKs, and PKF) and suppresses mitochondrial oxygen con-
sumption in cancer cells.® In contrast, ectopic expression of
HOXCS8 can upregulate glycolysis-related genes to promote
the progression of nasopharyngeal carcinoma.” Different
HOX proteins may play different roles in glycolytic metabo-
lism in different types of cancer cells, and the functional role
of HOXAS3 in metabolic reprogramming and GBM progres-
sion is unknown.

Aerobic glycolysis is 1 of the distinctive features
of GBM, and is regulated by glucose transporter pro-
teins and some key rate-limiting enzymes.® Recent
studies have shown that epigenetic modifications, es-
pecially histone methylation modifications, are key
regulators of aerobic glycolysis in GBM.® Methylation
modification of histones is dynamically regulated by his-
tone methyltransferase (HMTs) and histone demethylase
(HDMs)."0 Lysine methyltransferases, such as G9a, MLL1,
and EZH2, suppress the transcription of HIF-1a and its
target genes to reprogram glycolytic metabolism in
GBM."-13 |n addition, HDMs also play important roles
in the regulation of glycolytic metabolism in GBM. For
example, LSD1 and JMJD3 repress glycolysis, whereas
KDM1B promotes glucose metabolism.'' Meanwhile,
the promoter regions of HOX protein target genes are
often accompanied by altered histone methylation modi-
fications.'® Therefore, it is of scientific interest to inves-
tigate the synergistic effect of HOX protein and histone
methylation modifications in the glycolytic metabolism
of GBM cells.

KDM6A, a lysine-specific demethylase, specifi-
cally catalyzes the demethylation of histone H3K27
trimethylation (H3K27me3), which is the modification as-
sociated with transcriptional repression.” KDM6A muta-
tions frequently occurred in many solid tumors, including
bladder cancer, esophageal squamous cell carcinoma,
colon cancer, and multiple myeloma.'®-2! According to
TCGA data, GBM patients rarely have KDM6A mutations
(approximately 0.4%). Earlier studies identified KDM6A
as a tumor suppressor, and the deletion of KDM6A in
bladder cells promoted cell proliferation and metas-
tasis.?? Deficiency of KDMB6A accelerates cancer progres-
sion and shortens mouse life span in Kras®'?P mutated

KDMB6A in regulating glucose metabolism that shifted
oxidative phosphorylation toward aerobic glycolysis,
and identifying that the HOXA3-KDMG6A axis is a poten-
tial therapeutic target for GBM.

lung cancer mouse model.?> However, other studies
have provided evidence demonstrating that KDM6A also
plays an oncogenic role. Loss of KDM6A inTAL1-positive
cells induces apoptosis and inhibits cell proliferation.?
Moreover, another study reveals that KDM6A promotes
cell proliferation and tumor growth in ER-positive breast
cancer.?® The role and mechanism of action of KDM6A
in biological processes and GBM progression remain
unknown.

In this study, we report that HOXAS3 is upregulated in
GBM specimens and cells compared with the normal
groups. High expression of HOXA3 predicts poor prog-
nosis of GBM patients. Depletion of HOXA3 in GBM cells
reduces proliferation, and tumor growth and induces cell
cycle arrest, which is rescued by reconstituted expression
of HOXAS. Biological process studies show that HOXA3 ac-
tivates aerobic glycolysis by increasing the transcription of
HK2 and PKM2. Mechanistically, HOXAS3 activates KDM6A
transcription and recruits KDM6A to the genomic binding
sites of HK2 and PKMZ2 for transcriptional activation by
removing the suppressive histone modification H3K27
trimethylation. Our study reveals that HOXA3 has a central
role in the transcriptional activation of aerobic glycolysis
that links with KDM6A-coupled H3K27 demethylation. Our
findings provide evidence for the cooperation of HOXA3
and KDMG6A in reprogramming glycolytic metabolism and
GBM progression.

Materials and Methods
Patient Samples

The glioma tissue microarrays (TMA) including 28 glioma
patients were purchased from Avila Biotechnology (Xi‘an,
China). Patient specimens were collected in Liaocheng
People’s Hospital (Liaocheng, China), with written in-
formed consent. This project was approved by the
Institute Research Ethics Committee of Jining Medical
University.

Cells and Cell Culture

Primary human GBM cells (GBMO01, GBM02, and GBMO03)
were obtained as previously reported.?® Primary GBM
cells were cultured in NeurobasalTM Medium (Gibco) and
supplemented with 2% B27 Neuro Mix (Thermo Fisher
Scientific). SVG p12, LN229, and U118 cell lines were
obtained from American Type Culture Collection. U251,
U87, and HEK 293 cells were obtained from the National
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Infrastructure of Cell Line Resource (Beijing, China). All the
cell lines were authenticated by short tandem repeat anal-
ysis. All cell lines were cultured as previously described.?’

Vectors, Transfection, and Infection

The shRNA-HOXA3 and shRNA-KDM6A target site were de-
signed and synthesized at Beijing Genomics Institute (BGlI,
Beijing, China) and cloned into the pLKO.1. Flag-HOXAS3,
Flag-HOXA3ADUF (Domain of unknown function), Flag-
HOXA32Hbox (Homeobox), HA-KDM6A, KDM6AATPR
(tetratricopeptide repeats), and KDM6AAJmjC were obtained
fromYouBo Biotechnology (Changsha, China) and constructed
into pCDH-CMV-MCS-EF1.The plasmids transfection and lenti-
viruses infection were carried out as previously described.?’
Primer sequences are listed in SupplementaryTable S1.

Cell Viability Assays

Cell proliferation assay and BrdU immunofluorescent
staining were employed to detect cell proliferation and
performed as in our previous study.?’

Seahorse Assay

The XF glycolysis stress test kit was used to measure gly-
colytic function. The glycolysis, glycolytic capacity, glyco-
lytic reserve and nonglycolytic acidification, and oxygen
consumption rate were detected by the XF-96p flux ana-
lyzer (Seahorse Bioscience, CA) as previously described.?®

Chromatin Immunoprecipitation Assay

For Chromatin Immunoprecipitation (ChIP) assay, 20 x 108
GBM cells were collected and crosslinked with form-
aldehyde (1%). The chromatin DNA was prepared by
using SimpleChlIP Enzymatic Chromatin IP Kit as per the
manufacturer’s instructions (CST, #9002). The chromatin
was immunoprecipitated with the specific antibodies
shown in Supplementary Table S2. The enrichment of each
antibody was quantified by quantitative real-time PCR.The
ChIP PCR sequences are shown in SupplementaryTable S1.

Luciferase Assay

The HK2, PKM2, and KDM6A wild or mutate promoters were
synthetic and constructed into pGL3-Bacic. The control or
HOXAS3 knockdown cells were transfected with the different
promoter-reporter or pGL3-basic plasmids for 24 h. The
cells were collected and lysed by the Renilla-Lumi™ buffer.
The dual luciferase activities were tested by the sea kidney
luciferase reporter gene detection kit according to manufac-
turers’ instructions (Beyotime RG062S, Shanghai, China).

Gene Set Enrichment Assay

The GBM patient data were downloaded from the cancer
genome atlas (TCGA).The data were normalized by ANOVA

and divided into 2 groups (low HOXA3 and high HOXA3).
Gene set enrichment assay (GSEA) was performed as de-
scribed previously.?®

Proximity Ligation Assay

The duolink- proximity ligation assay (PLA) assay was per-
formed for the detection of interaction between HOXA3
and KDM6A by using Duolink In Situ Kit according to the
manufacturer’s instructions. Briefly, the HOXA3 and KDM6A
were added into cell lysis solutions overnight. Removed the
antibodies, the cells were incubated with PLUS and MINUS
PLA probes for 1 h at 37°C.The PLA signals were detected by
using a confocal microscope (Nikon, Japan).

Immunoblotting and Immunoprecipitation
Analysis

For western blot assay, cells were lysed by RIPA buffer
(Beyotime, Shanghai, China) for 10 min on ice. The SDS-
PAGE, membrane transfer, and chemiluminescence were
performed as described previously.?” The interaction be-
tween HOXA3 and KDM6A in GBM cells was detected by
using a Co-IP assay. Briefly, the cell lysis solutions were
incubated with the different antibodies overnight and with
protein A/G PLUS Agarose (Merck, New Jersey). To elimi-
nate the interference of heavy chains, different species anti-
bodies or Light-Chain specific secondary antibodies were
used in immunoprecipitation and Western blot assays. The
primary antibodies were incubated at 4°C overnight. The
antibodies were listed in SupplementaryTable S2.

Purification of Recombinant Proteins and GST
Pulldown Assay

GSTtagged HOXAS3 was constructed into pCR3.1 and ex-
pressed in BL21 E. coli.The in vitro expression of HOXAS pro-
tein was extracted by using theT7 high-yield protein system
(Promega, WI). The His-Tagged KDM6A was constructed into
pcDNAB3.1 and expressed in HEK 293 cells by using PEI buffer.
His protein was purified by using HiseBind Purification Kit
according to manufacturers’ instructions (Millipore 70239,
Massachusetts). For GST-pull down, the GST or GST-HOXA3
fusion proteins were incubated with glutathione agarose
(Roche, Indianapolis) for 1 h.Then, the agarose was washed
and incubated with His-KDM6A protein at 4°C. The bound
proteins were eluted and visualized by Immunoblotting.

Molecular Docking

The structure of the HOXA3 DUF domain and KDM6A TPR
domain were predicted by alphafold (https://alphafold.ebi.
ac.uk/). The molecular docking model was performed by
using the Z-dock tool (https://zdock.umassmed.edu/).

Animal Studies

The BALB/c nude mice were purchased to establish sub-
cuticular and orthotopic xenograft tumor models as
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previously described.?® Animal experiments were per-
formed in compliance with the guidelines of the Institute
for Laboratory Animal Research, Jining Medical University.

Immunohistochemistry and H&E Staining

The tumor tissues and mice brains were harvested and
embedded for IHC staining.The IHC and H&E staining were
performed as described previously.?®

Statistical Analysis

Two-tailed unpaired student’s t-tests were performed
by GraphPad Prism version 8.0. Clinical patient data
were downloaded from oncomine, TCGA dataset, and R2
Genomic Analysis Visualization Platform (https://hgserver?.
amc.nl/cgi-bin/r2/main.cgi). All the experiments were re-
peated at least 3 independent times. P < .05 was con-
sidered statistically significant. More detailed methods
were shown in supplementary materials and methods.

Results

HOXAZS is Upregulated in GBM and Predicts Poor
Prognosis of Patients

To identify the genic expression status of HOXA3, we first
explored the Oncomine dataset. HOXA3 was aberrant and
highly expressed in CNS cancer in 3 different databases,
especially in GBM (Supplementary Figure S1A-E). To con-
firm this result, we detected HOXAS3 expression in a glioma
tissue microarray by performing IHC staining. The expres-
sion of HOXAS3 was significantly increased in GBM com-
pared with the low-grade glioma (such as astrocytoma and
oligodendroglioma) (Figure 1A and B), which was con-
sistent with French glioma data (Figure 1C). Furthermore,
we examined the mRNA level of HOXA3 in our local pa-
tient specimens, including 48 GBM tissues and 7 normal
tissues. HOXA3 was also upregulated in our local GBM co-
hort, in line with the result of TCGA GBM data (Figure 1D
and E).

We further explored the clinical prognostic character
of HOXA3 expression in GBM. In our local patient cohort,
GBM patients with low HOXA3 expression had a longer
survival time than those with high HOXA3 expression
(Figure 1G).The analysis of TCGA and R2 French database
further confirmed that HOXAS3 predicted a poor prognosis
in GBM (Supplementary Figure S1F and G). In line with the
results of GBM specimens, HOXA3 expression was signif-
icantly increased in GBM cell lines and primary GBM cells
compared with normal glial cells (Figure 1H).

HOXAZ3 is Essential for Cell Proliferation and
Tumor Growth in GBM

To explore the functional role of HOXA3 in GBM cell prolif-
eration and tumor growth, we constructed stable HOXA3
knockdown cells with shRNA (Figure 2A). In GBM cell lines

and primary cells, we observed a significant inhibitory ef-
fect of HOXA3 knockdown on cell proliferation (Figure 2B).
The BrdU assay further demonstrated that HOXA3 was
essential for cell proliferation, as HOXAS3 silencing cells
showed a pronounced reduction in DNA synthesis (Figure
2C). Since DNA synthesis is closely correlated with the
cell cycle, we examined the changes in cell cycle proces-
sion by performing flow cytometry. In HOXA3 silencing
cells, the cell cycle was arrested in the G1 phase with the
downregulation of cyclin E and CDK2 (Figure 2D).

To further identify the important role of HOXAS3 in the
regulation of cell proliferation, we reconstituted HOXA3
in the HOXAS silencing cells (Supplementary Figure S2A).
Cell growth assays showed that the inhibitory effect of cell
proliferation induced by HOXA3 knockdown was recovered
by reconstituting the expression of HOXA3 in culture me-
dium and soft agar (Supplementary Figure S2B-D). In addi-
tion, we established orthotopic xenograft tumor models to
determine the effect of HOXA3 on the regulation of tumor
growth. Knockdown of HOXAS3 significantly suppressed
the growth of brain tumors and increased the survival time
of mice (Figure 2E, Supplementary Figure S2E). All these
results suggest that HOXA3 is required for GBM cell prolif-
eration and tumor growth.

HOXA3 Promotes Aerobic Glycolysis by
Activating the Transcription of HK2 and PKM2

There is increasing evidence that HOX proteins are key
regulators of aerobic glycolysis of tumor cells. Here, we
determined whether HOXA3 had a similar functional
role in GBM cells. As shown by the results of metabolite
measurement, glucose consumption and lactate produc-
tion but not glucose uptake was obviously inhibited in
HOXAS3 depletion cells, and these effects were rescued by
HOXAS3 restoration (Supplementary Figure S3A-D). Since
GBM cells preferentially employ aerobic glycolysis to gen-
erate energy, we examined the effects of HOXA3 in regu-
lating glycolysis by using a seahorse assay. We found a
pronounced inhibition of glycolysis in HOXA3 silencing
cells, which was rescued by HOXAS3 restoration (Figure 2F,
Supplementary Figure S3E). Consistent with this finding,
HOXAS3 depletion significantly attenuated the inhibitory
rate of ATP and cell proliferation induced by ATP synthase
inhibitor oligomycin (Supplementary Figure S3F and G). In
addition, the knockdown of HOXA3 enhanced mitochon-
drial respiration in GBM cells, as evidenced by oxygen
consumption rate assay (Figure 2G). All these results sug-
gested that HOXA3 drives glucose metabolism from oxi-
dative phosphorylation toward aerobic glycolysis in GBM
cells. We next detected the expression of key glycolysis-
associated genes after HOXA3 silencing or restoration, the
results showed that HOXA3 depletion remarkably reduced
the expression of HK2 and PKM2, but not GLUT1, HK1, and
PFK1 (Supplementary Figure S3H and |, Supplementary
Figure S4A and B).

As HOXAZ3 is a transcription factor, we examined whether
HOXA3 activated the transcription of HK2 and PKM2. We
firstly identified the potential binding sites of HOXA3 on
HK2 and PKM2 (Figure 3A and D). ChIP and quantitative
PCR demonstrated pronounced levels of HOXA3 at the
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Figure 1.

Relative HOXAS expression

HOXA3 is upregulated in GBM and predicts poor prognosis. (A-B) Representative immunofluorescence images and quantifications of

HOXA3 staining in TMA (scale bar: 20 um). (C) Analyses of French database about HOXA3 expression in normal tissues, low-grade glioma, and
GBM. (D) qRT-PCR analysis of HOXA3 mRNA levels in our local GBM and normal tissues. (E) Analyses of HOXA3 expression in AgilenG4502A
TCGA GBM database. (F) Percent overall survival from our local GBM patients with high HOXA3 expression or low HOXA3. Shown is a Kaplan—
Meier curve. (G) qRT-PCR analysis of HOXA3 mRNA levels in normal glia cells, GBM cell lines, and primary GBM cells. All data were analyzed

with Student’s t-test and shown as means and SD, **P< .01, ***P<.001.

HK2 promoter containing the —42 to -33 region in GBM
cells (Figure 3B, Supplementary Figure S4C), and HOXA3
knockdown obviously decreased HOXA3 enrichment at this
promoter (Figure 3C). Similarly, there was significant en-
richment of HOXA3 at PKM2 promoter containing 1 to 11 re-
gions in GBM cells (Figure 3E, Supplementary Figure S4D).
Depletion of HOXA3 markedly reduced HOXA3 levels at
the PKM2 promoter (Figure 3F). We further performed dual
luciferase experiments to verify whether HOXA3 regulates
the transcription of HK2 and PKM2. We found that HOXA3
silencing significantly inhibited the activities of HK2 and
PKM2 promoters but failed to affect the activities of these
promoters with HOXA motif mutants (Figure 3G and H).

HOXAS3 functions as a transcription factor depending
on its Hbox domain that binds to DNA. We constructed
HOXAS3 with Hbox domain deletion overexpressing GBM
cells (HOXA3AHbox) to determine whether HOXA3 pro-
moted aerobic glycolysis by its transcriptional activity. In
HOXA3aHbox GBM cells, we observed no change in the
expression of HK2 and PKM2 compared with the control
cells (Figure 3l). In line with these results, HOXA3 with
Hbox deletion did not promote glycolysis or increase lac-
tate production (Figure 3J, Supplementary Figure S4E).
All the results demonstrated that HOXA3 promotes aer-
obic glycolysis by activating the transcription of HK2 and
PKM2.
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Figure 2 HOXA3 promotes GBM cell proliferation, tumor growth, and aerobic glycolysis. (A) Immunoblotting of HOXA3 in the
indicated cells transduced with shHOXA3 or shRNA scramble. (B) Growth assay of the indicated GBM cells with HOXA3 knockdown or con-
trol. (C) Representative immunofluorescence images and quantifications of BrdU staining in GBM cells with HOXA3 knockdown or control. (D)
Immunoblotting of cyclin E and CDK2 in the indicated GBM cells (up). Cell cycle analyses in GBM cells transduced with shHOXA3 or shRNA scramble
(below). (E) Orthotopic tumor growth abilities of LN229 cells expressing Ctrl or shHOXA3 and survival rates of mice (n = 5). (F) Glycolytic rate of the in-
dicated GBM cells transduced with shCtrl, shHOXA3, or shHOXA3/HOXA3. ECAR extracellular acidification rate. (G) Cellular oxygen consumption rate
of the indicated GBM cells transduced with shCtrl, shHOXA3, or shHOXA3/HOXA3. All data were shown as the mean + SD (n=3-5), *P<.05, **P< .01.
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HOXAZ3 Activates the Transcription of KDM6A
and Modifies H3K27me3 of HK2 and PKM2
Promoters

To further identify the underlying mechanism by which
HOXAZ3 transcriptionally activates aerobic glycolysis, we
downloaded TCGA GBM patient data and performed GSEA
analyses. We found that high HOXA3 expression led to
higher expression of a large number of methylation genes
including those critical for the regulation of histone meth-
ylation. (Figure 4A, Supplementary Figure S5A). ChIP-gPCR
revealed that HOXAS silencing significantly increased the
H3K27me3 but not H3K4me3 or H3K9me3 levels at the pro-
moters of HK2 and PKM2 in LN229 cells (Figure 4B). The
histone modification H3K27me3 is a transcriptional repres-
sive factor and is regulated by histone methyltransferases
and demethylases, including EZH2, KDM6A, and KDMG6B.
In HOXAS silencing cells, we observed a pronounced de-
crease of KDM6A but not EZH2 or KDM6B compared
with control cells (Figure 4C, Supplementary Figure S5B).
Further ChIP-gPCR demonstrated pronounced levels of
HOXA3 at the KDM6A promoter containing the -965 to
—-955 region in GBM cells (Figure 4D, Supplementary Figure
S5C), and HOXA3 knockdown clearly decreased HOXA3
enrichment at this promoter (Figure 4E). Dual luciferase
experiments showed that HOXA3 silencing significantly
inhibited the activities of the KDM6A promoter but failed
to affect the activities of the promoter with the HOX motif
mutant (Figure 4F).

The results demonstrated that HOXAS3 activated the tran-
scription of KDM6A and reduced H3K27me3 at HK2 and
PKM2 promoters. Next, we reconstituted the expression
of KDM6A in HOXAS silencing cells and detected the ex-
pression of HK2 and PKM2. Unexpectedly, the expression
levels of HK2 and PKM2 were not significantly recovered
in KDM6A-restored cells (Figure 4G, Supplementary Figure
S5D). Consistent with this result, the histone modification
H3K27me3 at HK2 and PKM2 promoters was not decreased
in KDM6A restoration cells (Figure 4H), suggesting that
HOXAS3 was essential for KDM6A to modify H3K27me3 at
HK2 and PKM2 promoters.

HOXAZ3 Interacts With KDM6A to Enhance the
Transcription of Glycolytic Genes

ChIP-gPCR showed pronounced levels of KDM6A at the
promoters of HK2 and PKM2 (Supplementary Figure S6A).
STRING dataset identified a potential interaction between
HOXA3 and KDMG6A, suggesting that HOXA3 cooperates
with KDM6A to activate the transcription of glycolytic
genes (Supplementary Figure S6B). The duolink-PLA assay
was performed to determine whether HOXA3 could interact
with KDM6A in GBM cells.The results showed significantly
red dots caused by HOXA3 and KDM6A interaction (Figure
5A). The Co-IP results further confirmed that HOXA3 could
interact with KDM6A, but not EZH2 and KDM6B in GBM
cells (Figure 5B, Supplementary Figure S6C and D). In addi-
tion, exogenous HOXAS3 coprecipitated with KDM6A from
the lysate of HEK293T cells that expressed Flag-tagged
HOXA3 and HA-tagged KDM6A (Figure 5C). Incubation
of purified GST-tagged bacterially purified HOXA3 with

the intracellular domain of KDM6A (His-KDM6A) proteins
revealed that the 2 proteins directly interacted with each
other (Figure 5D).

HOXA3 contains the Hbox domain and DUF domain, and
DUF seems to function as a protein-binding domain by bio-
informatics analysis. We generated different vectors coding
the full HOXA3 sequence or the deletion sequences lacking
either the Hbox domain or the DUF domain. The three
different Flag-tagged constructs were transfected with
His-tagged KDM®6A into 293T cells. Co-IP assays revealed
that KDM6A coimmunoprecipitated with deleted HOXA3
sequence, which contains the DUF domain but not the
Hbox domain (Figure 5E). Besides this, we also generated
different vectors coding the full KDM6A sequence or the
deletion sequences lacking either TPR domain or JmjC do-
main, and transfected them with Flag-tagged HOXA3 into
293T cells. We found that HOXA3 coimmunoprecipitated
with deleted KDM6A sequence, which contains TPR do-
main but not the JmjC domain (Figure 5F). Further molec-
ular docking results demonstrated that the DUF domain
of HOXA3 could directly interact with the TPR domain of
KDMBG6A (Figure 5G). Promoter reporter assay showed that
HOXAS3 could cooperate with KDMG6A to enhance the activ-
ities of HK2 and PKM2 promoters (Supplementary Figure
S6E). All these results demonstrated that HOXA3 cooper-
ates with KDM6A to enhance the expression of HK2 and
PKM2.

HOXA3 Requires KDMG6A for Transcriptional
Activation of Aerobic Glycolysis and Brain
Tumor Growth

KDMG6A was upregulated in GBM and positively correlated
with HOXAS3 expression according to TCGA data analysis
(Supplementary Figure S7A-C). Furthermore, Glioma pa-
tients with high coexpression of HOXA3 and KDM6A re-
vealed a poorer prognosis (Supplementary Figure S7D
and E). Besides this, HOXA3 was positively correlated with
HK2 and PKM2 in clinical GBM specimens (Supplementary
Figure S7F and G). Meanwhile, KDM6A was positively cor-
related with HK2 and PKM2 in clinical GBM specimens
(Supplementary Figure S7H and ). These results suggested
that HOXA3 might require KDMB6A to transcriptionally reg-
ulate aerobic glycolysis. In support of the above hypoth-
esis, the knockdown of KDM6A expression significantly
repressed the ability of HOXA3 to promote the expression
of HK2 and PKM2 (Figure 6A). In line with these results,
KDMB6A silencing obviously reduced the ability of HOXA3
to promote aerobic glycolysis in GBM cells (Figure 6B).

To gain the molecular mechanism of the cooperation,
we investigated the possibility that HOXA3 might recruit
KDMB6A to the target gene promoters and remove the sup-
pressive histone modification H3K27me3. We detected
HK2 and PKM2 promoters, which were enriched with high
levels of HOXA3 and KDM6A. As expected, in the HOXA3
overexpressed GBM cells, KDM6A silencing markedly
reduced the levels of KDM6A but not HOXA3 at the pro-
moters of HK2 and PKM2, with a corresponding increase
in H3K27me3 levels (Figure 6C and D). Moreover, animal
studies showed that KDM6A knockdown significantly in-
hibited the effect of HOXA3 to promote brain tumor growth
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and prolonged the mice’s survival (Figure 6E). Taken to-
gether, our results demonstrated that HOXA3 activated the
transcription of KDM6A and recruited KDM6A to glycolytic
gene promoters and remove H3K27me3 to promote aer-
obic glycolysis and GBM progression (Figure 6F).

Discussion

GBM, the most common aggressive and primary brain
cancer, yields damaging clinical outcomes despite ex-
tensive searches for a therapeutic scheme. The poor
prognosis, survival of about 14 months following initial di-
agnosis, lends an urgent need for a better understanding

of the central players that contribute to the growth and
malignancy of GBM.%° Here, we showed that HOXA3 was
very highly expressed in human GBM and predicted poor
prognosis of patients. Moreover, we demonstrated that
HOXA3 promoted cell proliferation, cell cycle process, and
tumor growth in GBM, consistent with the previous results
that HOXA3 promoted cell proliferation in lymphoma and
non-small-cell lung carcinoma.?'32 This finding provides
HOXAS3 as a potential therapeutic target for the effective
antiproliferative treatment of GBM.

GBM undergoes metabolic reprogramming to fulfill
the high energy and nutrient demands of tumor growth.
A well-known metabolic reprogramming of tumor cells is
the Warburg effect, in which tumor cells primarily initiate
glycolysis to produce energy even in the case of sufficient
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Figure 5. HOXAS3 directly interacts with KDMG6A. (A) proximity ligation assay (PLA) assay of HOXA3-KDMB6A expression in GBM cells
using anti-HOXA3 and anti-KDMBA antibodies. (B) Immunoblot analysis of Co-IP of HOXA3 and KDMBA in extracts from LN229 and GBMO1 cells.
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ferent domains of HOXA3 and KDMB6A. (F) Inmunoblot analysis of Co-IP of the interaction between HOXA3 and different domains of KDM6A. (G)
Molecular docking analysis of DUF domain of HOXA3 and TPR domain of KDMGA.

oxygen.®®There is increasing evidence that HOX proteins
are also key regulators of aberrant glycolysis in the met-
abolic reprogramming of tumor cells. In our study, we
found that HOXA3 silencing remarkably decreased glu-
cose consumption, lactate production, and attenuated in-
hibitory rate of ATP and cell proliferation induced by ATP
synthase inhibitor oligomycin, suggesting that HOXA3
leaded glucose metabolism towards aerobic glycolysis in
GBM cells. Mechanically, HOXA3 activated the transcrip-
tion of HK2 and PKM2 by binding to the HOXA motif of
their promoter regions, which were essential for glycolysis
and cell proliferation in GBM. Our findings suggested that

HOXA3 promoted GBM growth by remodeling glucose
metabolism.

GSEA of TCGA GBM patient data demonstrated that
HOXA3 was positively associated with the methylation
process. Our results revealed that HOXA3 knockdown sig-
nificantly increased the H3K27me3 but not H3K4me3 and
H3K9me3 levels at the promoters of HK2 and PKM2. The
histone modification H3K27me3 is a transcriptional repres-
sive factor and is regulated by histone methyltransferases
and demethylases, including EZH2, KDM6A, and KDM6B.34
The histone H3K27M mutation frequently occurs in dif-
fuse intrinsic pontine gliomas but rarely in GBM, leading
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to a global reduction of H3K27me3.%° In GBM, erasure of
H3K27me3 might depend on the activity of KDM6A or
KDM6B, but not H3 K27 mutant.The depletion of H3K27me3
promotes cell proliferation and epithelial-mesenchymal
transition (EMT), but the role of H3K27me3 in metabolic
reprogramming remains poorly understood. Here, we re-
ported that HOXA3 activated the transcription of KDM6A
and reduced H3K27me3 at HK2 and PKMZ2 promoters.

Besides this, reconstituted the expression of KDM6A in
HOXAS3 silencing cells could not decrease H3K27me3 at
HK2 and PKM2 promoter, suggesting that HOXA3 is es-
sential for KDM6A to modify H3K27me3 at HK2 and PKM2
promoters.

KDMBG6A consists of aTPR protein—protein interaction do-
main (6-tetratricopeptide repeat) and a JmjC catalytic do-
main. KDM6A seems to require some cofactors to bind to
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genomic binding sites and modify the H3K27me3 as it is
without a DNA binding domain. Previous study has dem-
onstrated that HNF1A could recruit KDM6A to EMT genes
to activate differentiated acinar cell programs.3® In our
study, we showed that HOXAS3 could directly interact with
KDMBG6A and recruit KDM6A to genomic binding sites of gly-
colytic genes, targeting glycolytic genes for transcriptional
activation by removing the suppressive histone modifica-
tion H3K27 trimethylation. Of note, our data revealed that
the DUF domain of HOXA3 could directly interact with the
TPR domain of KDMB6A. This interesting finding suggests
that the DUF domain of HOXA3 functions as a protein-
protein interaction domain. In addition, KDM6A silencing
obviously reduced the ability of HOXAS3 to promote glycol-
ysis and tumor growth, suggesting that HOXAS3 requires
KDMBG6A for transcriptional activation of aerobic glycolysis
and brain tumor growth.

In conclusion, our data present evidence for coopera-
tion between HOXA3 and KDMG6A in transcriptional regu-
lation of glucose metabolism, providing a novel molecular
mechanism linking HOXA3-mediated transactivation and
KDM®6A-coupled H3K27 demethylation in glucose metabo-
lism and GBM development.
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