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LBX2 promotes colorectal cancer progression via the
glycosylation and lactylation positive feedback
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Colorectal cancer (CRC) ranks as a leading cause of cancer-related mortality worldwide, yet its molecular mechanisms remain
incompletely understood. The transcription factor LBX2 regulates morphogenesis of multiple organ systems in vertebrates, yet its
role in CRC progression remains poorly understood. In the study, we found that LBX2 knockdown suppresses CRC proliferation in
vitro and in vivo. ChIP-seq/RNA-seq identifies GFPT2 as a direct transcriptional target of LBX2. The LBX2/GFPT2 axis elevates UDP-
GlcNACc levels and O-GIcNAcylation, promoting Raptor T700 glycosylation. This modification enhances mTORC1 activation by
strengthening Raptor-Rag interactions, accelerating glycolysis and lactate production. Accumulated lactate induces histone H4K12
lactylation, which further upregulates LBX2 transcription, forming a positive feedback loop. Clinically, high LBX2 expression
correlates with elevated PET-CT SUVmax values (indicating hyperglycolysis) in CRC patients. Patient-derived organoids with high
LBX2 show increased sensitivity to the GLUT1 inhibitor. LBX2 thus serves as both a metabolic driver and a potential biomarker for

CRC-targeted therapies.
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INTRODUCTION

Colorectal cancer (CRC) is a common malignant tumor of the
digestive tract. Globally, it ranks third in incidence among all
malignant tumors and second in mortality, posing a significant
burden on public health [1, 2]. Although the understanding of CRC
initiation and progression has advanced significantly, the under-
lying molecular mechanisms remain highly complex and largely
enigmatic [3, 4]. There is an urgent need to further investigate the
molecular drivers of CRC progression in order to identify novel
therapeutic targets and improve treatment strategies.

One such molecular driver is the transcription factor gene
Ladybird homeobox 2 (LBX2), located on chromosome 2p13.1.
LBX2 plays distinct yet critical roles in multiple developmental
contexts. It is involved in the development of the male
reproductive system (testis and epididymis) and is implicated in
ovarian maturation and folliculogenesis, as indicated by its
dynamic expression during follicular development [5, 6]. In
zebrafish, it modulates both canonical and non-canonical Wnt
signaling to influence myofilament gene expression and myogen-
esis, and further regulates cardiac development by affecting
neural crest cell migration and cardiac septation [7-10]. Beyond its
physiological roles, LBX2 has been implicated in tumorigenesis.
Studies have shown that elevated LBX2 expression contributes to
tumor progression and correlates with poor prognosis in various
malignancies, including lung adenocarcinoma, ovarian cancer, and
CRC [11-13]. However, the molecular mechanisms behind LBX2's
role in CRC remain poorly understood, and the regulatory
pathways driving its upregulation in tumors are still unknown.

In addition to genetic factors, post-translational modifications
such as glycosylation are crucial in the regulation of cancer.
Glycosylation is an enzyme-mediated process that governs the
biosynthesis, modification, and turnover of carbohydrate struc-
tures (glycans) [14, 15]. These glycans can exist either as free
molecules or form covalent conjugates with proteins, lipids, and
RNAs. One of the most prevalent and dynamic forms of

glycosylation is O-GlcNAcylation, which involves the addition of
UDP-N-acetylglucosamine (UDP-GIcNAc) to proteins [16]. This
modification is critical for regulating cellular processes and is
primarily driven by the hexosamine biosynthesis pathway (HBP), a
key glucose metabolic branch [17, 18]. The HBP integrates
multiple metabolic inputs to generate UDP-GIcNAc, which serves
as the substrate for protein O-GlcNAcylation, thus linking cellular
nutrient status to post-translational regulation.

Extensive studies have established that malignant transforma-
tion is associated with aberrant glycosylation pathways, which
directly contribute to fundamental hallmarks of cancer, including
tumor initiation and progression [19, 20]. O-GIcNAcylation can
promote tumor progression by activating proliferation-related
signaling pathways and regulating cell cycle progression[21, 22]. It
can directly modulate cancer stem cell-like properties or indirectly
regulate the expression and activity of other factors, thereby
inducing cancer stem cell-like characteristics [23, 24]. In addition,
O-GlcNAcylation has been reported to mediate cellular metabolic
dysregulation in tumors. In breast cancer, O-GIcNAc Transferase
(OGT) and O-GlcNAcylation modifications can inhibit tumor cell
glycolysis [25]. In liver cancer, O-GlcNAcylation significantly
enhances the stability of hypoxia-inducible factor 1a (HIF-1a),
promoting a metabolic shift toward the Warburg effect [26].
However, in CRC, the regulatory role of O-GlcNAcylation in tumor
metabolism remains understudied.

In this study, we confirmed that high LBX2 expression promotes
proliferation and progression in CRC. Through ChIP-seq and RNA-
seq, we identified that LBX2 regulates the transcriptional
expression of Glutamine:Fructose-6-Phosphate Amidotransferase
2 (GFPT2), a key molecule in the HBP, which facilitates the
synthesis of UDP-GIcNAc as a substrate for O-GIcNAcylation,
thereby elevating overall O-GlcNAcylation levels in CRC cells.
Specifically, O-GIcNAcylation of the regulatory-associated protein
of mTOR (Raptor) component in mammalian target of rapamycin
complex 1 (mTORCT) mediates mTORC1 activation and enhances
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downstream glycolytic metabolism, increasing intracellular lactate
levels. This, in turn, regulates LBX2 gene transcription through
lactylation of histone H4K12 (H4K12la) in the LBX2 chromatin
region, forming a positive feedback loop that drives tumor
progression.

RESULTS

LBX2 promotes colorectal cancer proliferation in vitro and

in vivo

We first examined LBX2 expression differences between tumor
and normal tissues in CRC, including colon adenocarcinoma
(COAD) and rectal adenocarcinoma (READ), using datasets from
TCGA and GEO (accessions GSE44076 and GSE87211). The results
showed that LBX2 expression was significantly elevated in tumor
tissues compared to normal tissues (Supplementary Fig. 1A, B).
More importantly, high LBX2 expression was significantly asso-
ciated with poor overall survival (OS) in CRC patients (Supple-
mentary Fig. 1C, D). To validate these public database findings, we
examined clinical samples from CRC patients at our center (JHYY
cohort) (Supplementary Table 3). IHC analysis similarly demon-
strated elevated LBX2 expression in tumor tissues compared to
normal intestinal tissues (Fig. 1A, B). More importantly, in the JHYY
cohort, high LBX2 expression in tumor tissues was similarly
associated with poor prognosis (Fig. 1C).

To investigate the impact of LBX2 knockdown on CRC
progression, we established stable LBX2-knockdown cell lines in
SW480 and SW620 cells, which exhibit high LBX2 expression (Fig.
1D, E). Subsequent cell proliferation and colony formation assays
revealed that LBX2 knockdown significantly inhibited the pro-
liferative capacity of CRC cells (Fig. 1F, G, Supplementary Fig. 1E).
In a subcutaneous tumor model of CRC in nude mice, we similarly
observed that reduced LBX2 expression suppressed tumor
growth, a finding corroborated by IHC analysis of Ki-67, a
proliferation marker, in the subcutaneous tumors (Fig. TH-J,
Supplementary Fig. 1F). These results collectively demonstrate
that LBX2 acts as an oncogene, promoting tumor progression in
CRC.

LBX2 transcriptionally activates GFPT2 expression

LBX2 mainly functions as a transcription factor within cells. To
further explore its downstream target molecules and regulated
pathways, we conducted ChIP-seq and RNA-seq analyses in
SW480 cells. We initially performed ChIP-Seq to investigate DNA
fragments interacting with the LBX2 protein, and results indicate
that LBX2 primarily binds to distal intergenic and promoter
regions in the genome of CRC cells (Fig. 2A, B, Supplementary
Table 4). We subsequently performed RNA-seq to investigate the
transcriptomic changes in SW480 cells following LBX2 knockdown
(shLBX2 Ctr vs. shLBX2 #1 and shLBX2 Ctr vs. shLBX2 #2) (Fig. 2C,
D, Supplementary Table 5). KEGG enrichment analysis of
differentially expressed genes (DEGs) from shLBX2 Ctr vs. shLBX2
#1 and shCTR LBX2 Ctr vs. shLBX2 #2 revealed significant
enrichment of the PI3K-Akt signaling pathway in both compar-
isons (Fig. 2E, F).

To identify potential downstream targets of the transcription
factor LBX2, we integrated ChIP-seq and RNA-seq datasets (Fig.
3A), which revealed eight candidate genes. Among these, only
GFPT2 and IL11 exhibited appreciable baseline expression in
RNA-seq data, whereas the other six genes showed low
expression levels (Supplementary Table 5). Subsequent gRT-PCR
validation in CRC cells demonstrated that GFPT2 expression was
significantly downregulated upon LBX2 knockdown, while IL11
levels remained largely unchanged (Fig. 3B, Supplementary Fig.
1G). Based on these findings, we selected GFPT2 for further
investigation as a downstream effector of LBX2. By analyzing the
TCGA database, we also observed a positive correlation between
the RNA expression levels of LBX2 and GFPT2, suggesting that
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GFPT2 may serve as a downstream target of LBX2 transcriptional
regulation (Fig. 3Q).

To further validate the transcriptional regulation of GFPT2 by
LBX2, we examined the changes in GFPT2 transcription and
protein levels following LBX2 knockdown. The results demon-
strated that LBX2 knockdown significantly reduced both the RNA
and protein levels of GFPT2 in CRC cells (Fig. 3A, B). Subsequently,
luciferase assay results confirmed that LBX2 overexpression
significantly enhanced the transcriptional activity of the GFPT2
promoter region (Fig. 3C). ChIP-gPCR results further confirmed
that LBX2 directly binds to the promoter region of GFPT2, thereby
regulating its transcriptional activity (Fig. 3D).

To elucidate the specific region of the GFPT2 promoter
regulated by LBX2, we constructed a series of truncated GFPT2
promoter plasmids using the pGL3-Luc vector. Luciferase assay
results revealed that LBX2 modulates the transcriptional activity of
the GFPT2 promoter within the -400 to +100 region (Fig. 3E). Using
JASPAR to predict the specific binding sites of LBX2 on the GFPT2
promoter, we identified three potential LBX2 binding elements
(LBEs) within the GFPT2 promoter region (Fig. 3F). By constructing
corresponding mutants using site-directed mutagenesis, luciferase
assay results further demonstrated that mutation of LBE1
significantly impaired LBX2's ability to regulate the transcriptional
activity of the GFPT2 promoter, whereas mutations in LBE2 and
LBE3 had no notable effect (Fig. 3G).

The LBX2/GFPT2 axis regulates intracellular O-GIcNAc levels
through UDP-GIcNAc modulation

GFPT2 catalyzes the conversion of glutamine and fructose-6-
phosphate into glucosamine-6-phosphate, playing a pivotal role in
the hexosamine biosynthetic pathway (HBP). This pathway
generates UDP-N-acetylglucosamine (UDP-GIcNAc), a critical pre-
cursor for glycosylation modifications, such as O-GlcNAcylation,
which profoundly influences protein function and cellular meta-
bolic regulation (Fig. 4A). Knockdown of GFPT2 in CRC cells
significantly reduces intracellular UDP-GIcNACc levels and overall O-
GlcNAcylation, highlighting its critical role in modulating cellular
glycosylation  (Fig. 4B, (). Similarly, knockdown of
LBX2 significantly decreases intracellular UDP-GIcNAc levels and
overall O-GlcNAcylation, underscoring its regulatory role in cellular
glycosylation processes (Fig. 4D, E).

OGT catalyzes the O-GIcNAc modification process by transfer-
ring UDP-GIcNAc to serine or threonine residues of target
proteins, thereby regulating their function and cellular signaling.
In Caco2 cells with relatively low LBX2 expression (Fig. 1D), we
transfected an LBX2 overexpression plasmid and concurrently
treated the cells with the OGT-specific inhibitor OGT-IN-1. The
results revealed that OGT-IN-1 significantly attenuated the
elevation of intracellular O-GlcNAcylation levels induced by
LBX2 overexpression (Fig. 4F). Additionally, in LBX2-knockdown
cells, supplementation with UDP-GIcNAc significantly restored
intracellular O-GIcNAcylation levels (Fig. 4E). These findings
indicate that the LBX2/GFPT2 axis regulates intracellular
O-GIcNAc levels by controlling the production of UDP-GIcNA, a
critical substrate for glycosylation reactions.

0O-GlcNAcylation of Raptor modulates mTORC1-mediated
glycolytic enhancement

We further investigated how LBX2 regulates CRC proliferation
through modulation of intracellular O-GIcNAcylation. Our RNA
sequencing analysis of LBX2-knockdown cells revealed significant
enrichment of the PI3K-Akt signaling pathway (Fig. 2E, F). Given
that mammalian target of rapamycin (mTOR) is a key downstream
effector of the PI3K-Akt pathway, we examined the effects of
LBX2 knockdown on the PI3K-Akt-mTOR signaling cascade. The
results demonstrated that LBX2 knockdown significantly sup-
pressed the activation of mTOR and its downstream target
ribosomal protein S6 kinase (S6K) (Fig. 5A). Surprisingly, upstream
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Fig. 1 LBX2 is upregulated in colorectal cancer tissues and promotes tumor proliferation. Immunohistochemical (IHC) analysis (A) and
quantification (B) of LBX2 expression in 50 paired tumor tissues and adjacent non-tumor tissues in CRC patients from the JHYY cohort (bar =
50 um); € CRC patients from the JHYY cohort were stratified into LBX2 high-expression and low-expression groups based on the median IHC
H-score in tumor tissues. Kaplan-Meier survival analysis and log-rank test were performed to compare overall survival (OS) outcomes between
the two groups; D LBX2 expression levels in different CRC cell lines; E Western blot analysis to assess LBX2 knockdown efficiency in SW480 and
SW620 cells with stable LBX2 knockdown; F CCK-8 assay to evaluate the proliferative capacity of SW480 and SW620 cells following LBX2
knockdown; G Colony formation assay to assess the proliferative capacity and clonogenic potential of SW480 and SW620 cells following LBX2
knockdown; H Assessment of SW480 proliferative capacity following LBX2 knockdown in a nude mouse subcutaneous tumor model (n = 6);
I Following sacrifice, tumor weights were measured to assess changes in tumor mass after LBX2 knockdown; J Immunohistochemical analysis
of Ki-67 expression levels in mouse tumor tissues between LBX2 knockdown and control groups (bar = 50 um). *P < 0.05; ****P < 0.0001.

Akt signaling remained largely unaffected, suggesting that LBX2
likely regulates mTOR activation directly through modulation of
mTORCT.

As a scaffold protein of mTORC1, Raptor directly interacts with
Rags through its N-terminal HEAT repeat domain, thereby
promoting the recruitment of mTORC1 to the lysosomal surface
for activation. Previous studies have demonstrated that
O-GIcNAcylation of Raptor regulates glucose-induced mTORC1
activation [27]. Accordingly, we hypothesize that in CRC, LBX2
similarly modulates mTORC1 activation by regulating
O-GIcNAcylation of Raptor. Co-IP results confirmed that LBX2
knockdown reduces Raptor glycosylation levels, and this reduc-
tion can be restored by supplementation with UDP-GIcNAc (Fig.
5B). This change closely correlated with alterations in mTOR and
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S6K activity, supporting the conclusion that LBX2 controls Raptor
O-GlIcNAcylation by regulating UDP-GIcNAc availability.

We next sought to identify the specific O-GlcNAcylation site on
Raptor that is regulated by LBX2. Protein-protein docking analysis
revealed that residues 693-776 of Raptor form a flexible loop,
which may mediate its interaction with Rags (Fig. 5C). Since
O-GlcNAcylation primarily occurs on serine (S) or threonine (T)
residues, we examined this loop for potential modification sites
and found that T700 on Raptor is evolutionarily conserved (Fig.
5D). To verify that O-GIcNAcylation of Raptor at T700 mediates
LBX2-induced mTORC1 activation in CRC, we transfected SW480
cells with either wild-type Raptor or a T700 mutant plasmid. We
found that LBX2 knockdown reduced Raptor O-GlcNAcylation in
cells expressing wild-type Raptor, but had no significant effect in
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Integrative analysis of ChIP-seq and RNA-seq identifies LBX2 downstream targets and pathways. A ChIP-seq signal enrichment at

transcription start sites (TSS) in SW480 cells transfected with LBX2-Flag and immunoprecipitated using a Flag antibody; B Distribution of ChIP-
seq enriched fragments across different chromosomal regions; C, D Volcano plot showing the distribution of differentially expressed genes in
RNA-seq analysis comparing SW480 shCtr vs. shLBX2 #1 and shCtr vs. shLBX2 #2; E, F KEGG pathway enrichment analysis of differentially
expressed genes from RNA-seq comparing SW480 shCtr vs. shLBX2 #1 and shCtr vs. shLBX2 #2.

those expressing the T700 mutant (Fig. 5E). Consistently, while
LBX2 knockdown reduced intracellular mTOR activity in wild-type
cells, this effect was not observed in T700 mutant-expressing cells
(Fig. 5F).

To further validate whether LBX2-mediated O-GIcNAcylation
affects the direct binding of Raptor to Rags, we conducted Co-IP
experiments. The results revealed that LBX2 knockdown signifi-
cantly inhibited the interaction between Raptor and Rags, while
the Raptor-mTOR interaction remained unaffected (Fig. 5G, H).
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These findings suggest that LBX2 regulates mTORC1 activation by
modulating the O-GIcNAcylation of Raptor at T700, thereby
influencing the binding affinity between Raptor and Rags.

We next sought to determine how LBX2-regulated mTOR
activity subsequently influences CRC proliferation. Given that
mTORC1 serves as a central hub in regulating cellular glucose
uptake, promoting both the expression and membrane localiza-
tion of glucose transporters (GLUTs) and enhancing the glycolytic
capacity of tumor cells, we further evaluated the impact of LBX2
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on glucose uptake and glycolysis in CRC. Using the glucose
analog 2-DG6P as a tracer for glucose uptake, we found that LBX2
knockdown significantly inhibited the ability of CRC cells to
uptake extracellular glucose (Fig. 5I). Furthermore, by measuring
the extracellular acidification rate, we observed that LBX2
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knockdown also markedly suppressed the glycolytic capacity of
CRC cells (Fig. 5J). The Warburg effect is a hallmark of cancer, and
lactate is the primary product of anaerobic glycolysis. Therefore,
we investigated the impact of LBX2 on lactate levels and found
that LBX2 knockdown suppressed intracellular lactate levels in
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Fig. 3 LBX2 transcriptionally activates GFPT2 expression. A Venn diagram showing the intersection of differentially expressed genes from
RNA-seq (SW480 shCtr vs. shLBX2 #1 and shCtr vs. shLBX2 #2) and genes mapped from ChIP-seq enriched regions; B qRT-PCR analysis of
GFPT2 mRNA expression levels in SW480 and SW620 cells transfected with shCtr, shLBX2 #1, and shLBX2 #2; C Correlation analysis of LBX2 and
GFPT2 expression levels in the TCGA database; D Western blot analysis of GFPT2 protein expression levels in SW480 and SW620 cells
transfected with shCtr, shLBX2 #1, and shLBX2 #2; E Dual-luciferase reporter assay to assess GFPT2 promoter activity (-2000 to +100 bp)
following LBX2 overexpression in HEK293T cells; F ChIP-gPCR analysis of LBX2 enrichment at the GFPT2 promoter region in SW480 and SW620
cells; G Dual-luciferase reporter assay to assess the activity of different GFPT2 promoter deletion constructs following LBX2 overexpression in
HEK293T cells; H JASPAR database identification of LBX2 binding motifs in the GFPT2 promoter region revealed three potential binding sites
(LBE1: -377 to -372 bp; LBE2: —648 to —643 bp; LBE3: —688 to —683 bp); | Dual-luciferase reporter assay to assess the activity of different

GFPT2 promoter mutants following LBX2 overexpression in HEK293T cells. ** P <0.01; *** P<0.001; **** P <0.0001.
<

CRC cells (Fig. 5K). These results suggest that LBX2 regulates
mTORC1 activity by modulating Raptor glycosylation, thereby
promoting extracellular glucose uptake and intracellular
glycolysis.

Glycolytic enhancement-induced H4K12 lactylation
epigenetically activates LBX2 transcriptional expression

The recently discovered histone lactylation represents a
metabolite-sensing epigenetic mechanism. By conferring three-
dimensional conformational changes to histone cores, this
modification dynamically orchestrates transcriptional programs
in response to cellular metabolic status. Given that the LBX2/
GFPT2 axis regulates mTORC1 activation and glycolysis by
modulating intracellular O-GIcNAc levels, we hypothesize that
LBX2 may enhance the production of lactate, a glycolytic
byproduct, thereby influencing intracellular histone lactylation
levels.

To validate this hypothesis, we first examined LBX2 mRNA
expression levels under glucose-deprived conditions. The results
revealed that glucose deprivation significantly suppressed LBX2
mRNA expression, an effect that was reversed by supplementation
with glucose (Supplementary Fig. 2A). Additionally, glucose
significantly reduces intracellular lactate levels when depleted,
while glucose supplementation restores these levels (Supplemen-
tary Fig. 2B). Correspondingly, lactate supplementation also
reverses the decline in LBX2 mRNA expression induced by glucose
deprivation (Fig. 6A).

We next investigated the impact of glucose deprivation on
intracellular pan-lactylation levels. Consistent with changes in
intracellular lactate levels, glucose deprivation reduced pan-
lactylation levels, an effect that was similarly reversed by
supplementation with glucose or sodium lactate (Supplementary
Fig. 2C, D). We also investigated whether LBX2-mediated
metabolic reprogramming affects pan-lactylation levels in CRC
cells. Our results revealed that either knocking down LBX2 in
SW480 cells with high LBX2 expression or overexpressing LBX2 in
Caco2 cells with low LBX2 expression significantly altered cellular
pan-lactylation levels (Fig. 6B, C). Furthermore, the reduction in
pan-lactylation levels caused by LBX2 knockdown could be
rescued by supplementation with the glycosylation substrate
UDP-GIcNAc, while the increase in pan-lactylation levels induced
by LBX2 overexpression was suppressed by the OGT inhibitor
OGT-IN-1 (Fig. 6B, C).

Previous studies have shown that histone lactylation affects
chromatin accessibility, thereby influencing transcription factor
binding and the formation of the transcriptional initiation
complex. Therefore, we further investigated the lactylation status
of different lysine residues on various histones under glucose
deprivation conditions. The results demonstrated that under
glucose deprivation conditions, the lactylation levels of H3K23,
H4K8, and H4K12 were significantly reduced (Fig. 6D, Supplemen-
tary Fig. 2E). Notably, only the lactylation of H4K12 was restored
upon supplementation with glucose or sodium lactate (Fig. 6D,
Supplementary Fig. 2E). Subsequent ChIP-qPCR results confirmed
that H4K12 was specifically enriched in the LBX2 promoter region,
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with this enrichment significantly diminished under glucose
deprivation and restored upon supplementation with glucose or
sodium lactate (Fig. 6G). In contrast, H3K23 and H4K8 did not
exhibit similar dynamic changes in the LBX2 promoter region
(Supplementary Fig. 2F, G).

2-Deoxy-D-glucose (2-DG), a glucose analog, inhibits glycolysis
by targeting hexokinase. Treatment of CRC cells with 2-DG
significantly suppressed H4K12la and the expression of its target
gene, LBX2 (Fig. 6H, I). Lactate dehydrogenase (LDH), particularly
the LDHA homotetramer, is a critical enzyme in the glycolytic
pathway, converting pyruvate to lactate. Transfection of CRC cells
with LDHA shRNA markedly reduced H4K12la and LBX2 expres-
sion levels, and supplementation with sodium lactate restored the
expression of these molecules (Fig. 6J, K, Supplementary Fig. 2H).
These findings confirm that lactate-mediated H4K12 lactylation
epigenetically regulates LBX2 transcriptional expression.

Elevated LBX2 expression correlates with heightened
glycolytic activity and increased sensitivity to glycolytic
inhibitors

To confirm that LBX2 regulates glycolysis in tumor tissues of CRC
patients, we selected patients who had not received neoadjuvant
therapy and had undergone PET-CT imaging prior to radical
resection. We measured the SUVmax values of their tumor sites on
PET-CT, a key semi-quantitative indicator that reflects the uptake
of the radiotracer (F-FDG) by the lesion, thereby indirectly
assessing the level of tumor glucose metabolism. Based on LBX2
expression levels in tumor tissues, CRC patients were categorized
into LBX2 high-expression and low-expression groups. The
findings revealed that the SUVmax values, indicative of tumor
glucose metabolism, were significantly higher in the LBX2 high-
expression group compared to the low-expression group,
suggesting that LBX2 high expression is associated with elevated
glycolysis levels in CRC (Fig. 7A, B).

Organoids, as an advanced in vitro three-dimensional (3D) cell
culture model, closely recapitulate the structure, function, genetic
characteristics, and heterogeneity of tumors by mimicking the
tumor microenvironment. They serve as an excellent model for
studying tumor initiation, progression, and therapeutic responses.
To validate the consistency between tumor tissues and organoid
models, we established corresponding organoid models using
tumor tissues from CRC patients. Correspondingly, elevated mTOR
activation levels were observed in CRC organoids with high LBX2
expression (Fig. 7Q).

The above findings demonstrate that high LBX2 expression
promotes glycolysis by upregulating O-GIcNAcylation levels in
tumors. Consequently, we hypothesize that targeting glucose
metabolism may be more effective in CRC with high LBX2
expression. To validate this hypothesis, we treated CRC organoids
with high or low LBX2 expression using either BAY-876 (a glucose
transporter inhibitor) or 2-DG (a glycolytic inhibitor). Both BAY-876
and 2-DG showed significantly stronger proliferation inhibitory
effects in CRC organoids with high LBX2 expression compared to
those with low LBX2 expression (Fig. 7D, E). This finding suggests
that LBX2 serves as an indicator of elevated glucose metabolism in

Cell Death Discovery (2025)11:556



Editorial

SW480 SW620
A B Swaso SW620 C
" - ShGFPT2 Ctr #1 #2 Ctr #1 #2
Glucose = —>Frc6P + GIn ® 1500 - P ;
3 11| E— poet auu 180 kDa
§ GFPT1/2 38 - 3 Siocah - 140D
GlcN6P E 1000 ‘?2 6004 = - e e 100 kDa
° =1 =
t £ S <th> - 70 kDa
-~ o -
UDP-GIcNAc 2 E 400 = e 55 kDa
4§ OGT E 500 _ 2 - I Ed o 40 kDa
O-GleNAG Q ‘ o o goika
} OGA S o § 0 25 kDa
GIcNAC YR @ 20 kDa
'voé«'v%\«"& '1»("6«’1'%\0& "
& &L °
L & 9 & @ o
SW480
—_— Caco2
D E shBx2Ctr + - - - - F _
EV + - + -
SW620 shLBX2#1 - + - + - .
swas . SBRE - - PEORBAIER - » <
™ — -IN-1 - -+ o+
@ 1500 . » 1000 UDP-GIcNAc - - - + + -
] 3 i 180 KD 1 180 kDa
@ ol 2, 800- a " 140 kDa
e — e WS- 0D j !
3 1000 % g = . 100 kDa
£ £ . B S & &S 100 kDa g ~ | 70kDa
P S 4004 g B 70 kDa s —_——
S 500 3 S 55 kDa ? ;
S = 2 00 = o o 40 kDa
(o} 7 o 40 kD
g g @ W 35 k0a
8 S oA W= == o= & e 35KDa 25 kDa
25 kDa
O‘é qﬁ"\ ’l‘q’ (J‘é qﬁ‘\ ’&l‘ 20 kDa 20 kDa
R Qg R L .
\9 \37 .&9 & ‘o\? ‘\\9 B-actin 42 kDa
& &g & & B-actin | . 4> (Da - d

Fig. 4 The LBX2/GFPT2 axis regulates intracellular O-GIcNAc levels through UDP-GIcNAc modulation. A Schematic diagram of the
hexosamine biosynthesis pathway (HBP) pathway; B ELISA analysis of intracellular UDP-GIcNACc levels following GFPT2 knockdown in SW480

and SW620 cells; C Western blot analysis of total O-GlcNAc levels fol

lowing GFPT2 knockdown in SW480 and SW620 cells; D ELISA analysis of

intracellular UDP-GIcNACc levels following LBX2 knockdown in SW480 and SW620 cells; E Western blot analysis of total O-GIcNAc levels in
SW480 cells following LBX2 knockdown and/or UDP-GIcNAc disodium supplementation (250 uM for 24 h); F Western blot analysis of total

O-GIcNAc levels in Caco2 cells following LBX2 overexpression
**¥*P < 0.0001.

CRC tumor tissues. More importantly, patients with high LBX2
expression may derive greater benefits from therapies targeting
glucose metabolism.

DISCUSSION

This study reveals that in CRC, the transcription factor LBX2
orchestrates metabolic reprogramming by transcriptionally upre-
gulating GFPT2—a key enzyme in the HBP that catalyzes the
synthesis of GIcN-6-P, the precursor to UDP-GIcNAc [28]. This
regulation elevates global O-GlcNAcylation levels, thereby enhan-
cing glucose uptake and glycolytic flux in CRC. Mechanistically,
O-GlcNAcylation at T700 of Raptor, a core component of mTORC1,
facilitates its interaction with the Rag GTPase heterodimer on
lysosomal membranes, leading to mTORC1 pathway activation
and subsequent glycolytic promotion. Furthermore, lactate—a
byproduct of enhanced glycolysis—accumulates intracellularly
and induces H4K12la within the LBX2 chromatin region. This
epigenetic modification upregulates LBX2 transcription, establish-
ing a self-reinforcing LBX2-GFPT2-O-GIcNAcylation-mTORC1-lac-
tate feedback loop that drives glycolytic metabolism and tumor
progression (Fig. 8).

Our study is the first to demonstrate, through in vitro and in vivo
experiments, that LBX2 promotes tumor proliferation and progres-
sion in CRC. In the LBX2-overexpressing CRC cell lines, stable LBX2
knockdown cell lines exhibited significantly reduced proliferation
capacity. Similarly, in a nude mouse subcutaneous tumor model,
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and/or OGT inhibition with OGT-IN-1 (2.0pM for 24 h). ***P<0.001;

we observed consistent effects of LBX2 on tumor progression.
Consistent with our findings, studies in gastric cancer have
indicated that LBX2-AS1 and LBX2 form a positive feedback loop,
influencing the proliferation and apoptosis of gastric cancer cells
[29]. However, the specific mechanisms by which LBX2 regulates
gastric cancer cell proliferation remain to be fully elucidated
Wang's study.

To further elucidate the mechanisms by which LBX2 regulates
CRC proliferation, we performed integrated ChIP-Seq and RNA-Seq
analyses, given LBX2's established role as a transcription factor [7].
The sequencing results revealed significant enrichment of the
PI3K-Akt signaling pathway, and we identified GFPT2 as a
potential downstream target transcriptionally regulated by LBX2.
The regulation of GFPT2 by LBX2 was further confirmed through
luciferase assays and ChIP-gPCR, which also identified the
LBE1 site, located within the -400 to +100 promoter region of
LBX2, as a critical regulatory element. GFPT2 is a key metabolic
enzyme that plays a crucial role in the HBP, a glucose metabolism
branch that generates UDP-GIcNAc—a critical substrate for
protein  O-GlcNAcylation, a post-translational modification
involved in cellular signaling, stress response, and cancer
progression. Our results confirmed that LBX2 knockdown reduces
UDP-GIcNACc levels and O-GIcNAcylation in CRC cells. Conversely,
the elevated O-GIcNAcylation induced by LBX2 overexpression
can be reversed by an OGT inhibitor, where OGT is a key enzyme
that catalyzes the addition of O-GIcNAc to serine and threonine
residues of proteins [30].
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To elucidate the role of LBX2-mediated O-GlcNAcylation in CRC
proliferation, we analyzed sequencing data and observed
significant enrichment of the PI3K-Akt signaling pathway. Intrigu-
ingly, while LBX2 knockdown markedly reduced phosphorylation
of mTOR and its downstream target S6K, Akt phosphorylation was
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unaffected. Given prior reports that Raptor (a key subunit of
mTORC1) is regulated by O-GlcNAcylation, we propose that LBX2
may modulate mTORC1 activity via GFPT2-dependent O-GIcNA-
cylation of Raptor [27]. As anticipated, LBX2 regulates the
O-GlcNAcylation of Raptor at T700, thereby enhancing Raptor-
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Fig. 5 O-GlcNAcylation of Raptor modulates mTORC1-mediated glycolytic enhancement. A Western blot analysis of p-Akt/mTOR pathway
activation following LBX2 knockdown and/or UDP-GIcNAc disodium supplementation (250 uM for 24 h) in SW480 cells; B Western blot analysis
of SW480 cells with LBX2 knockdown and/or UDP-GIcNAc disodium supplementation (250 pM for 24 h), transfected with HA-Raptor plasmid,
and subjected to immunoprecipitation using anti-HA antibody; € Conservation of residues 681-721 in Raptor. Pink: T700; D Structure of
human Raptor-Rag (PDB: 6U62). Residue T700 is in a flexible region (693-776 aa) of Raptor; E Western blot analysis of SW480 cells with LBX2
knockdown, transfected with wild-type or T700D mutant HA-Raptor plasmid, and subjected to immunoprecipitation using anti-HA antibody;
F The relative phosphorylation level of S6K in SW480 cells with LBX2 knockdown, transfected with wild-type or T700D mutant HA-Raptor
plasmid, was calculated by quantifying the ratio of p-S6K to total S6K band intensity; G, H Western blot analysis of SW480 cells with LBX2
knockdown, transfected with HA-Raptor plasmid, and subjected to immunoprecipitation using anti-HA antibody; | ELISA analysis of
intracellular 2-DG levels following LBX2 knockdown in SW480 cells; J Measurement of extracellular acidification rate (ECAR) in SW480 cells with
LBX2 knockdown; K ELISA analysis of intracellular lactate levels following LBX2 knockdown in SW480 cells. *P < 0.05; **P < 0.01; ****P < 0.0001.

Rag interactions and promoting mTORC1 activation. mTORC1, a
central hub for cellular metabolic regulation, integrates nutrient,
energy, and growth factor signals to balance anabolism and
catabolism [31]. It activates HIF-1a, upregulating GLUT1/3 and
glycolytic enzymes, thereby enhancing tumor cell glycolysis while
suppressing mitochondrial oxidative phosphorylation, favoring
glycolysis [32]. Our results also demonstrated that LBX2 regulates
extracellular glucose uptake, glycolytic capacity, and lactate
production in CRC cells.

To further investigate the causes of LBX2's aberrant expression in
CRC, we recognized that lactate, beyond being a terminal product of
glycolysis, has recently been identified as a key metabolic signaling
molecule [33, 34]. Studies have revealed that lactate can serve as a
donor to modify lysine residues on histones through enzymatic or
non-enzymatic mechanisms, resulting in histone lactylation, which
directly influences gene expression [35]. For instance, global
lactylome profiling in pancreatic cancer identified H3K18 lactylation
(H3K18la) as a key epigenetic event that transcriptionally upregu-
lates ACAT2. This cascade disrupts oxidative phosphorylation,
creating a self-sustaining lactate loop that is ultimately implicated
in cholesterol-mediated immunosuppression within the tumor
microenvironment [36]. Similarly, in ovarian cancer, histone lactyla-
tion at H4K12 (H4K12la) activates the RAD23 Homolog A (RAD23A)
enhancer to facilitate DNA damage repair, ultimately driving
resistance to niraparib [37].

Given that LBX2 promotes lactate production by regulating
glycolysis, we hypothesized that lactylation alters the chromatin
structure of LBX2, thereby affecting its transcriptional activity. As
expected, LBX2 mRNA levels were modulated by glucose and
lactate concentrations, and changes in LBX2 gene expression
influenced overall cellular lactylation levels. Through screening
common histone lactylation sites, we identified H4K12la as a site
affected by LBX2-mediated metabolic reprogramming of glyco-
lysis. Consequently, our study uncovered a positive feedback
axis in CRC: LBX2 transcriptionally upregulates GFPT2, a key
metabolic enzyme in the HBP; GFPT2 modulates the glycosyla-
tion of Raptor in the mTORC1 complex, thereby regulating
mTORCT activation; mTORC1, as a central metabolic regulator,
drives metabolic reprogramming to enhance glycolysis; and the
resulting lactate accumulation influences LBX2 transcriptional
activity through lactylation. This establishes a mechanism in CRC
wherein glycosylation and lactylation reciprocally regulate
each other.

Finally, we explored the clinical relevance of this positive
feedback axis. PET-CT detects gamma rays emitted by a
radioactive tracer to map metabolic activity, with *F-FDG used
to measure glucose metabolism, where higher *F-FDG uptake
correlates with elevated glycolytic activity [38]. Correspondingly,
in CRC clinical samples, we found a positive correlation between
LBX2 expression levels and the SUVmax of "®F-FDG on PET-CT.
More importantly, we investigated whether LBX2 could serve as
a biomarker for guiding the use of glycolysis-related inhibitors.
Using patient-derived organoids, a 3D cell culture model that
recapitulates in vivo tumor characteristics and cellular hetero-
geneity [39, 40], we validated organoids with high LBX2
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expression exhibited greater sensitivity to GLUT1 inhibitors.
Our study suggests that LBX2 serves as a marker of elevated
glycolytic activity in CRC, indicating that patients with high LBX2
expression may benefit more from therapies targeting glucose
metabolism.

METHODS

Cell line culture

The CRC cells (SW480, HT-29, HCT-15, RKO, SW620, Caco2, and
DLD-1) and HEK293T cells were purchased from the Chinese
Academy of Sciences Shanghai Cell Bank and cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum at 37°C in a humidified atmosphere
containing 5% CO,. Each cell line was authenticated by Short
Tandem Repeat (STR) profiling and confirmed to be free of
mycoplasma contamination.

Lentiviral packaging and stable cell line construction

For lentivirus packaging, HEK293T cells were seeded in 6-well
plates at 60-70% confluency. The lentiviral transfer plasmid, along
with the packaging plasmids psPAX2 and pMD2.G, was co-
transfected using Lipofectamine 3000 at a ratio of 3:2:1 (ug
plasmid DNA). The medium was replaced with fresh complete
DMEM 6-8 h post-transfection. Viral supernatants were collected
at 48 and 72 h, filtered through a 0.45-um PVDF membrane, and
either used immediately or stored at —80 °C. To establish stable
cell lines, CRC cells were infected with lentivirus in the presence of
10 pg/mL polybrene and selected with appropriate antibiotics
(e.g., puromycin, 1-5 pg/mL) for 3-5 days.

Patient-Derived Organoids (PDOs) culture

Patient-derived organoids were established from resected tumor
tissues of CRC patients with written informed consent, following
institutional ethical guidelines. Tumor tissues were minced and
digested in a solution containing 2 mg/mL collagenase IV, 0.2
mg/mL hyaluronidase, 0.2mg/mL DNase |, and 100 ug/mL
Primocin. The digested tissue was embedded in Matrigel and
cultured in Advanced DMEM/F-12 medium supplemented with 1X
GlutaMAX™, 1X HEPES, 10 mM nicotinamide, 1X B27 supplement, 1
mM N-acetylcysteine, 10nM gastrin, 500nM A83-01, 3 uM
SB202190, 50 ng/mL recombinant human EGF, 100 ng/mL recom-
binant human noggin, 500 ng/mL recombinant human R-spondin-
1, and 100 pg/mL Primocin. Organoids were maintained at
passages below 30 and cultured at 37 °C in a humidified 5% CO,
atmosphere.

Cell viability assay

CRC cells were seeded in 96-well plates at a density of 1 x 10°
cells per well and allowed to adhere overnight. At each time
point (Day 0-5), 10 uL of CCK-8 reagent was added to each well,
followed by incubation for 2h at 37°C. The absorbance at
450 nm was measured using a microplate reader (BioTek, USA).
Wells containing medium and CCK-8 reagent without cells
served as blanks.
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Fig. 6 Glycolytic enhancement-induced H4K12 lactylation epigenetically activates LBX2 transcriptional expression. A qRT-PCR analysis of
LBX2 mRNA expression levels in SW480 cells under glucose restriction (1.0 mM for 12 h) and exogenous sodium lactate supplementation
(5.0 mM) for a specified duration; B Western blot analysis of total lactylation levels following LBX2 knockdown and UDP-GIcNAc disodium
supplementation (250 pM for 24 h) in SW480 cells; C Western blot analysis of total lactylation levels following LBX2 overexpression and OGT-
IN-1 treatment (2.0 pM for 24 h) in Caco2 cells; D Western blot analysis of site-specific histone lactylation in SW480 cells under glucose
restriction and exogenous sodium lactate supplementation (5.0 mM) for a specified duration; E Western blot analysis of H4K12la following
LBX2 knockdown and UDP-GIcNAc disodium supplementation (250 pM for 24 h) in SW480 cells; (F) Western blot analysis of H4K12la following
LBX2 overexpression and OGT-IN-1 treatment (2.0 pM for 24 h) in Caco2 cells; G ChIP-gPCR analysis of H4K12la enrichment at the LBX2
promoter region in SW480 cells under glucose deprivation (1.0 mM for 12 h) and glucose (25.0 mM for 6 h) or sodium lactate (5.0 mM for 6 h)
supplementation; H gRT-PCR analysis of LBX2 mRNA expression levels in SW480 cells treated with 2-DG (5.0 mM for 24 h); | Western blot
analysis of LBX2 levels in SW480 cells treated with 2-DG (5.0 mM for 24 h); J qRT-PCR analysis of LBX2 mRNA expression levels following LDHA
knockdown and sodium lactate supplementation (5.0 mM for 6 h) in SW480 cells; K Western blot analysis of LBX2 levels following LDHA
knockdown and sodium lactate supplementation (5.0 mM for 6 h) in SW480 cells. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

SPRINGER NATURE Cell Death Discovery (2025)11:556



Editorial

11

A

JHYY cohort

Low LBX2
expression

r 3 . y 2 9
High LBX2 R : j *fé‘ 5%‘
expression f & *‘Ve»"\
a i 2. 1 £ Q}Q &
0.‘9
c
S
@
2
o
H
o~
x
[}
-
<
=
-4
]
[}
3
s
3
[
[}
-
2 [
3 ‘z‘
P107 1o%
2%,
4
D E
BAY-876 2.0G6
=~ ~ Aok
£ 100+ 2 100+
[ [ o
< c
S 75+ 2 754
2 2
€ =
= 50 = 50+
k] 2
s s :
BAY-876 & 25+ & 251
[ 2
I E 2 o
3 [
° & °  Fe e
~x\\' o \«eéo ‘\v 5°
Ng N
& 4

Fig. 7 LBX2 expression levels correlate with glycolytic activity and sensitivity to glycolytic inhibitors. A PET and CT images of tumor sites
on PET-CT scans from colorectal cancer patients with different LBX2 expression levels (bar = 50 um); B SUVmax values of tumor sites on PET-
CT scans from colorectal cancer patients with different LBX2 expression levels; C Light microscopy, H&E staining, and immunohistochemical
images of LBX2 and p-mTOR in patient-derived colorectal cancer organoids with different LBX2 expression levels (bar = 25 pm); D Light
microscopy showing the response of PDOs with different LBX2 expression levels to the Glucose Transporter 1 (GLUT1) inhibitor BAY-876
(20 uM for 48 h) or the glycolytic inhibitor 2-DG (20 mM for 48 h) (bar = 25 pm); E Viability of PDOs with different LBX2 expression levels
treated with the BAY-876 (20 pM for 48 h) or the 2-DG (20 mM for 48 h). *P < 0.05; **P < 0.01.
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Fig. 8 Schematic diagram of the study. LBX2 transcriptionally regulates GFPT2, modulating O-GlcNAcylation and Raptor T700 glycosylation
in CRC cells, which alters mTORC1 activity, forming a regulatory axis with histone lactylation that promotes LBX2 upregulation.

Cell viability of PDOs was assessed using the CellTiter-Blue®
Cell Viability Assay (Promega, Madison, WI, USA) following the
manufacturer’s protocol. Briefly, cells were seeded in 96-well
plates at an appropriate density and allowed to adhere
overnight. After treatment with the indicated conditions, 20 pL
of CellTiter-Blue® reagent was added to each well containing
100 yL of culture medium, and the plates were incubated for
4hours at 37°C. A total of three independent biological
replicates were performed. Fluorescence intensity was measured
using a microplate reader (BioTek, USA) with an excitation
wavelength of 560 nm and an emission wavelength of 590 nm.
Wells containing medium and CellTiter-Blue® reagent without
cells served as blanks.

Colony formation assay

CRC cells were seeded into 6-well plates at a density of 1000 cells/
well and cultured under standard conditions for 21 days. The
medium was refreshed every 3-4 days to maintain nutrient
supply. After 21 days, cells were gently washed twice with PBS,
fixed with 4% paraformaldehyde for 15 min at room temperature,
and stained with 0.5% crystal violet in methanol for 30 min. The
plates were then rinsed with distilled water and air-dried. Colonies
containing =50 cells were counted manually under a light
microscope. A total of three independent biological replicates
were performed. For statistical analysis, three independent
experiments were performed with duplicate wells for each
condition.

Cell Protein Lysis and Immunoblotting Assay

For cell protein extraction, cells were lysed in RIPA buffer
supplemented with a protease and phosphatase inhibitor
cocktail. Immunoblotting followed standard protocols, with
target protein signals detected using an enhanced chemilumi-
nescence (ECL) system. B-Actin served as the loading control,
and the antibodies used are detailed in the Supplementary
Table 1.
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Nude mouse xenograft model

Four-week-old BALB/c nude mice were obtained from GemPhar-
matech (Nanjing, China) and randomly classified into three
groups. Each mouse was subcutaneously injected on the right
ventral flank with 3 x 10° SW480 cells stably expressing shCtr,
shLBX2 #1, or shLBX2 #2. Approximately 25 days post-inoculation,
mice were euthanized, and tumors were excised, weighed, and
photographed. The sample size (n =6 in each group) used in the
animal experiments is consistent with those commonly employed
in comparable studies in this research field. All animal care and
experimental procedures adhered to ethical guidelines and were
approved by the Experimental Animal Welfare and Ethics
Committee of Jinhua Hospital, Zhejiang University School of
Medicine, Zhejiang, China (NO. AL-JHYY202508).

Clinical sample collection

Fresh CRC tissues and paired adjacent normal tissues (=5 cm from
the tumor margin) were obtained from CRC patients who
underwent surgical resection at Jinhua Hospital, Zhejiang
University School of Medicine. This study was approved by the
Ethics Committee of Jinhua Hospital, Zhejiang University School of
Medicine. Written informed consent was obtained from all
participants prior to sample collection (NO. 2022-Ethical review-
203).

Immunohistochemistry (IHC) and Quantification

Paraffin-embedded tissue sections (3 um thick) were deparaffi-
nized in xylene and rehydrated through a graded ethanol series.
Antigen retrieval was performed by heating sections in citrate
buffer (pH 6.0) at 95°C for 20 minutes. Endogenous peroxidase
activity was blocked with 3% hydrogen peroxide for 10 minutes.
Sections were then incubated with primary antibodies (listed in
the Supplementary Table 1) overnight at 4°C, followed by
incubation with horseradish peroxidase (HRP)-conjugated second-
ary antibodies for 1 hour at room temperature. Immunoreactive
signals were visualized using 3,3'-diaminobenzidine (DAB)
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substrate, and sections were counterstained with hematoxylin.
Slides were imaged using a light microscope. For quantification,
the H-score was calculated based on the intensity and percentage
of positively stained cells.

Chromatin Immunoprecipitation (ChIP) Assay

ChIP-Seq was performed by CloudSeq Biotech (Shanghai, China)
using the GenSeq® Chromatin Immunoprecipitation (ChIP) Kit
(GenSeq Inc.) according to the manufacturer’s protocol. Chromatin
was immunoprecipitated as described previously [41]. Briefly, cells
were cross-linked with formaldehyde, lysed, and the chromatin
was enzymatically and mechanically sheared into fragments
corresponding to 1-5 nucleosomes by Micrococcal Nuclease
digestion in conjunction with sonication. Subsequent immuno-
precipitation was conducted using anti-Flag antibodies or control
IgG. The yield of enriched DNA was quantified using the Quanti-
IT™ fluorescence assay (Thermo Fisher Scientific). Sequencing
libraries were prepared with the GenSeq® Rapid DNA Library Prep
Kit (GenSeq Inc.) following the manufacturer’s instructions. Library
quality was assessed using an Agilent 2100 Bioanalyzer (Agilent
Technologies), followed by high-throughput 150 bp paired-end
sequencing on an lllumina NovaSeq platform. Enriched DNA was
further validated by qRT-PCR, with primer sequences listed in the
Supplementary Table 2.

RNA-Sequencing (RNA-Seq)

Total RNA was extracted from samples using TRIzol reagent
(Thermo Fisher Scientific). RNA integrity was assessed using an
Agilent 2200 TapeStation system, with only samples exhibiting an
RNA Integrity Number (RIN)>=7.0 retained for downstream
processing. cDNA libraries were prepared using the TruSeq
Stranded mRNA Library Prep Kit (Illumina, Inc.) according to the
manufacturer’'s protocol. Briefly, polyadenylated mRNA was
enriched from 1 pg of total RNA using oligo(dT) magnetic beads
and fragmented (200-600bp) via divalent cation-mediated
cleavage at 85°C for 6 minutes. First- and second-strand cDNA
synthesis was performed using the fragmented mRNA as a
template. To ensure strand specificity, dUTP was incorporated
during second-strand synthesis, followed by enzymatic degrada-
tion of the dUTP-containing strand using uracil DNA glycosylase.
The resulting cDNA fragments were end-repaired, A-tailed, and
ligated to adapters. After purification, the first-strand cDNA was
PCR-amplified (12-15 cycles) to generate sequencing-ready
libraries. Library quality was verified using an Agilent 2200
TapeStation system, followed by paired-end (150 bp) sequencing
on a DNBSEQ-T7 platform (MGI Tech Co., Ltd) to obtain
approximately 20 million reads per sample.

Raw sequencing reads were quality-checked using FastQC
(v0.11.9) and trimmed for adapters and low-quality bases using
Trim Galore (v0.6.7). Reads were aligned to the [reference genome,
e.g., hg38] using STAR (v2.7.10a) with default parameters. Gene
expression was quantified using featureCounts (v2.0.1), and
differential gene expression analysis was performed with DESeq2
(v1.34.0). Functional enrichment of differentially expressed genes
was evaluated using Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analyses via clusterPro-
filer (v4.2.2).

RNA extraction and quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted using the EZBioscience RNA Extraction Kit
according to the manufacturer’s protocol. cDNA was synthesized
from 1pg of total RNA using the Reverse Transcription Kit
following the supplier’s instructions. gqRT-PCR was performed
using the Vazyme SYBR Green Master Mix on a QuantStudio Dx
instrument. Each reaction was run in triplicate, and gene
expression levels were quantified using the 2—AACt method,
with ACTB as the internal reference gene. A total of three
independent biological replicates were performed. Primer
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sequences, designed and synthesized by Sangon Biotech (Shang-
hai, China), are listed in the Supplementary Table 2.

Dual Luciferase reporter gene assay

The 2.1 kb promoter region of GFPT2 (—2000 to +100 bp relative
to the transcription start site) was amplified by PCR and cloned
into the pGL3 luciferase reporter vector (Sangon Biotech,
Shanghai, China). Cells were co-transfected with the pGL3-
NSUN2 reporter construct and the pRL-TK normalization plasmid
(Sangon Biotech, Shanghai, China) using Lipofectamine 3000.
Luciferase activity was measured 48 hours post-transfection using
the Dual-Luciferase Reporter Assay System according to the
manufacturer’s protocol. A total of three independent biological
replicates were performed. Firefly luciferase activity was normal-
ized to Renilla luciferase activity, and data were analyzed as
relative luciferase units (RLU).

Co-Immunoprecipitation (Co-IP)

Proteins were extracted using NP-40 lysis buffer supplemented with
a protease and phosphatase inhibitor cocktail, and obtained protein
lysates were then incubated with the corresponding antibodies and
magnetic beads overnight at 4°C. The immunoprecipitated com-
plexes were subjected to the immunoblotting assays.

UDP-GIcNAc measurement

UDP-GIcNACc levels were measured using a commercially available
UDP-GIcNAc assay kit, following the protocols provided by the
manufacturer. A total of three independent biological replicates
were performed.

Seahorse assay, glucose uptake, and lactate production

A Seahorse XF96 Extracellular Flux Analyzer (Seahorse Bioscience
Inc., North Billerica, MA, USA) was used to assess glycolytic activity
and mitochondrial function by measuring the extracellular
acidification rate (ECAR), according to the manufacturer’s instruc-
tions. Glucose uptake and lactate production were measured
using commercially available glucose and lactate assay Kkits,
following the respective protocols provided by the manufacturer.

Structural analysis

The crystal structure of human Raptor-Rags complex with
accession code 6U62 was downloaded from the Protein Data
Bank (PDB). The figure was generated using PyMOL. Multiple
sequence alignment of Raptor amino acid sequences from
different species was generated using MEGA.

Public datasets analysis

Gene expression levels of LBX2 in tumor and normal tissues from
CRC patients were analyzed in the The Cancer Genome Atlas
(TCGA) database using the GEPIA2 platform (http://gepia2.cancer-
pku.cn/#index) or in Gene Expression Omnibus (GEO) datasets.
Based on the median LBX2 expression, CRC patients were
stratified into LBX2 high-expression and low-expression groups.
To evaluate the prognostic significance of LBX2 expression,
Kaplan-Meier survival curves were generated for each group.
Differences in survival between the high and low expression
groups were assessed using the log-rank test. Spearman correla-
tion analysis was performed to assess the expression levels of
LBX2 and GFPT2. Potential LBX2 binding sites within the GFPT2
promoter region (—2000 to +100 bp) were identified using the
JASPAR database based on the LBX2 binding motif.

Statistical analysis

Continuous variables were analyzed using Student’s t-test or the
Wilcoxon rank-sum test for comparisons between two groups,
depending on data distribution, and one-way analysis of variance
(ANOVA) or the Kruskal-Wallis test for comparisons among
multiple groups. Categorical variables were evaluated using the
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chi-square test or Fisher's exact test, as appropriate. Overall
survival was estimated with the Kaplan-Meier method, and
differences between survival curves were assessed using the
log-rank test. All statistical analyses were conducted using
GraphPad Prism v9.0 (GraphPad Software, La Jolla, CA, USA) and
R v4.1.0 (CRAN, https://cran.r-project.org). A two-sided P-value <
0.05 was considered statistically significant unless otherwise
specified.
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